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(i)

CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

To A. Eastwood

Solid State Studies

Clusters of three and four crystal lattice vacancies arranged around
indiun atoms have been observed during the annealing uf irradiation damage in
a nickel-indiun alloy. The observations corroborate results fron perturbed
angular correlation experiments made independently elsewhere and the agreement
provides a critical test of our ion channeling techniques. Quite apart from
the intrinsic interest, the study of these vacancy complexes may shed light on
the behaviour of irradiation-produced voids in netals.

Tri- and tetra-vacancy complexes centred on tin atons appear to form
when heavy ion irradiated Al-Sn alloys are annealed, in a manner very similar
to the complexes observed in analogous experiments with light ions. This
similarity in the results from light (helium) and heavy (krypton) ion
irradiations with Al-Sn alloy is paralleled by the evidence for mixed dumbbell
formation in an Al-Ag single crystal following He or Kr bombardment. We are
optimistic that the well developed methods used to analyze the helium
irradiation cases will lead to an understanding of heavy ion irradiation
damage.

Radiation Chemistry

Extensive experiments on the radiation chemistry of nitrogen-oxygen
mixtures have been completed and enable comparisons to be made with
calculations based on physical data, e.q. ionization yields and dissociation
cross sections. Such comparisons provide good tests of our basic
understanding of effects of ionizing radiations on mixtures of these important
gases, including air. In one comparison, the yield of nitrogen atoms at zero
oxygen concentration, the radiation chemical yield is somewhat higher than
that calculated from the physical data but the uncertainty in the chemical
yield has yet to be estimated.

There is a renewed interest in the use of water calorimeters for
radiation dosinetry. Although such calorimeters are simple in concept, the
radiation chenistry occurring in then involves a large number of different
reactions, some of which are exo- or endothermic, and the importance of the
reactions varies depending on conditions. The program MAKSIMA-CHEMIST
developed at CRNL to handle such complex chemical processes has been used to
calculate the effects of variables, such as the concentration of dissolved
gases, on the accuracy of the dosimeters. The work has led to the realization
that the presence of H2 and H2O2 can enhance the sensitivity of such
calorimeters by over tenfold. This increased sensitivity is expected f.o be
of considerable interest in radiation biology for low aose rate measurements.



Isotope Separation

(a) Laser Photochemistry

The infrared spectra of methylar.ine, with and without deuterium
substituted for the ami no-hydrogens, were measured using a modern
spectrometer at McMaster University. Although there was overlap in the
absorption spectra and consequently no ideal choice of wavelength, the
optimum CO2 laser l ine was chosen for isotopically selective decomposition
experiments. The results showed no deuterium enrichment. Possibly
substitution of 13C02 for the natural CO? used in our laser would
yield a better match to deuterium band absorption and deuterium enrichment.

As part of the fundamental research on laser photochemistry relating
to isotope separation, spectroscopic data for chemical species involved in
laser isotope separation processes are being taken by laser magnetic
resonance (LMR) spectroscopy. Recent measurements have improved the accuracy
of the molecular parameters for the NHD radical and wi l l assist in pulsed LMR
detection of this radical in laser induced molecular decomposition
experiments.

Analytical Chemistry

Improvements in the detection of anions separated on columns of
styrenedivinyl benzene with hydrophobic modifiers have been achieved by the
use of conductivity detection in place of ul traviolet absorption. Problems
with highly conductive elements have been eliminated by the addition of
hydrophobic organic acid to the starting element. This has the effect of
producing an ion pair of low conductivity in reaction with the highly
conductive species and has resulted in sensitive positive responses, low
background noise, and enhanced detection l im i ts .

A further improvement in the efficiency of measuring uranium and
thorium by thermal ionization mass spectrometry has been achieved this
quarter. Deposition of a starch-rhenium slurry over the anion-exchange paper
disk containing the sample increased the efficiency for Th from 1 x l i r 5

to ^2 x IO-4 and for U from 5 x 1(T4 to 3 x 10"3. In the
course of a year's study the efficiency increase for U has total led 3000 and
for Th, 100. The size of samples used for quantitative mass spectrometry of
uranium and thorium can now be reduced to the nanogram level , with the
associated benefits of reduced radiation exposure and contamination hazard
when highly radioactive samples are analysed. Isotope di lut ion mass
spectrometry thus has supplanted t i t r imetry for the accurate determination of
Th in (Th,U)02 fuels.

Verif ication of the accuracy of hydrogen in zirconium measurements
made by the inert gas fusion method in the Recycle Fuel Fabrication
Laboratory has been accomplished. Until very recently no cer t i f ied
standards for this determination had been available, and surrogate H in Ti
standards had of necessity been relied upon. Although we had good reason to
expect that accurate results had been obtained over a period of years by this
method of analysis, proof was needed. Our results on the recently available
National Bureau of Standards SRM's 357 and 358 were 17 ± 2 and 105 ± 2 ug H



per qran of zirconiun, respectively. NBS had cert i f ied values of 19 ± 3 and
107 ± 3 Mq.q"1, respectively, in good agreenent with Our results.

Materials Science

A snail change in the experimental procedure used for research on
gaseous hydrogen cracking of zirconium alloys has resulted in almost complete
inhibi t ion of the crack in i t ia t ion step. Even stress corrosion crackinq
induced by iodine seems to be inhibited. Whatever the contaminant is that we
have introduced i t seem to be a very effective inhibitor of cracking. We
are currently trying to identify i t .

Metal vapour enbrittlenent of Zircaloy-2 in cesiun-s% cadniun has been
found to show very similar in i t ia t ion sites to those found for iodine-induced
stress corrosion. No second phase particles or other chemical inhonoge-
neities are involved, and i t is thought that the sites are determined by
metallurgical factors.

Comparison experiments with uncoated Zircaloy fuel sheath material and
specimens sputter-coated with thin films of Nichrome or stainless stee'ss show
that nodular corrosion is not eliminated by coating but is only delayed. The
nucleation sites for nodular corrosion are not the internets! l ie particles crs
the surface but drs thought to be at intemetal l ics buried in the bulk of the
uniform oxide formed prior to the appearance of the oxide nodules.

Irradiation of zirconium with bU-keV helium ions at elevated
temperatures (570 and 77U K) has produced no bl istering at doses found to
give bl isters at low temperature. This is thought to result from enhanced •
helium diffusion at elevated temperatures. Zirconium alloys (e.g. Zr-2.5%
Nb) are not free of bl isters even at elevated temperatures.



- 1 -

1. REPORT OF THE SOLID STATE SCIENCE BRANCH

(Edited by J.A. Davies and W.N. Lennard)

Page

1.1 STAFF 3

1.2 ION PENETRATION 4

1.2.1 Foil Thickness Measurements by Energy Loss Techniques 4
1.2.2 Efficiency of Channel Plate Detectors for Heavy Ions 6
1.2.3 Systematics for the Zi-Oscillation in Stopping Powers 6

of Various Solid Materials
1.2.4 Time-of-Flight Spectrometer 7

1.3 SURFACE PHENOMENA 7

1.3.1 Studies of the (110) Surface of Monocrystal l ine Au 7
1.3.2 Surface Preparation of a Faceted {111) Pt Single 8

Crystal and Preliminary Measurements
1.3.3 A New UHV Manipulator f o r Crystal Processing 8
1.3.4 Is There Surface Pre-Meltinc, in Ge? 9

1.4 RADIATION DAMAGE 10

1.4.1 A Channeling Study of Vacaicy-Solute Complexes in !0
Ni-0.2 at.%' In

1.4.2 A Cnanneliny Study of Defect Complexes Produced ^y 12
Heavy Ion Bombardment of Al-0.04 at.55 Sn

1.4.3 Channeling Invest igat ions of In teract ions Between 13
I r rad ia t i on Produced Defects and Solute Atoms in
Al-0.02 at.% In

1.4.4 Collision Cascades in Ge IS
1.4.b Effect of Heliur.i Ion Irradiat ion on Zirconiun and 15

Zr-2.b wt% Nb

l.b ION BEAM MODIFICATION OF MATERIALS 15

1.5.1 Ion-Beam Mixing Experiments 15
1.5.2 A Study of the Cross Section for O.fi-2.i MeV He Ion 16

Scattering from Low-Z Targets



- 2 -

Page

1.6 INTERDISCIPLINARY RESEARCH 16

1.6.1 Prel iminary Evaluation of some Preparation Techniques 16
fo r the Proposed Neutrino Mass Determination

1.6.2 Bending of High Energy Proton And Pi on Beams by Bent 16
Single Crystals of S i l i con

1.6.3 Crystal Preparation for Beam Bending Experiments at 16
Fermi lab

1.6.4 Experimental Equipment for the Ferni lab Beam Bending 17
Experiment

1.6.6 Crystal Blocking Li fet ime Measurements for Fission from 17
19F Bombardment of a Thin Crystal of W^Ta

1.6.6 K X-Rays from Long-Lived Compound Nuclei 17
1.6.7 Measurements of the Li fet imes of Levels of 34Ar 17

1.7 COMPUTATIONS 17

1.7.1 Calculation of Flux Profiles of Channeled Ions 17
1.7.2 Low Energy Scattering of He Ions from a Nickel (110) 18

Surface with Adsorbed Oxygen

1.8 ACCELERATOR OPERATION 13

1.8.1 High Voltage Mass Separator 19
1.8.2 2.5 MV Van de Graaff Accelerator 19
1.8.3 70 kV Low Voltage Mass Separator 20

1.9 PUBLICATIONS, REPORTS AND LECTURES 20

1.9.1 Publications 20
1.9.2 Lectures 21



- 3 -

SOLID STATE SCIENCE BRANCH

l.i

Branch Head
Secretary

Professional Staff

J
L
T
D
H
W

J.P
D
M

Shpj

15,

.A.
• M.
.E.
.P.
.H.
.N.
• S.
• C.
.L.

j

0.
.H.

Davies
Howe
Jackman
Jackson
Jorch (1)
Leonard
Pringle (2)
Santr.y (3)
Swan son

Dixon
McGilvray

STAFF

I.V. Mitchell
O.A. McConnell

Technical Staff

G.
J.
D.

H.H.
A.F.
M.H.
G-A.
C.W.

IJ.A.S.
R.D.
O.M.

Kyle
Lori
Phillips
Plattner
Quenneville
Rainville
Sims
Sitter
Walker
Werner
Westcott

LdDoratory Services

H.
W.M.
J.H.

Graham
Hartwick
Hewitt

(1) NSEKC Postdoctoral Fellow, commenced 1981 November 2
(2) On leave at the University of British Columbia, resigned

1982 Feb. 13
(3) On leave at AERE Harwell, commenced 1981 July 31



- 4 -

1.2 ION PENETRATION

1.2.1 Foil Thickness Measurements by Energy Loss Techniques

- W.N. Lennard, D. Phillips, H.H. Jorch, I.V. Mitchell and H.R. Andrews
(Nuclear Physics Branch)

It is now connon to determine the areal density of thin film targets by
measuring the energy lost by fast, light projectiles (e.g. *H and 4He) in
passing through them. This technique has been used by experimenters in the
fields of nuclear and atomic physics for many years, particularly since the ad-
vent of high resolution solid state particle detectors.

Recently, Mertens and Krist (1) have suggested that ions with atomic
number Z^ > 1 suffer enhanced stopping while traversing the first few atom
layers of solid carbon targets, the enhancement being associated with a non-
equilibrium state of ionization or excitation of the ion. Energy may also be
lost in excitation of surface plasmons; however, this loss is of order 30 eV.
Beyond these layers the ion energy loss increases linearly with target thick-
ness. The experimental evidence in reference (1) appears as an energy loss,
extrapolated to zero film thickness, of 1.7 ± 1.1 keV, corresponding to an
equilibration length of ^ 1 vig-cnr^. No such effect was seen for protons.
The result raises questions about thickness measurements based on energy losses
of ions with 1\ > 1.

We t\aye sought to confirm the Mertens and Krist data using our time-of-
flight system (see PR-CMa-58, section 1.2.1; AECL-7517). Energy losses were
measured for ten carbon targets of varying thickness pt (3.7 % pt £ 79 yg*
err?) using 1H and 4He projectiles at 270 and 620 keV, respectively.
Corrections for the energy dependence of the stopping powers were made in an
appropriate manner. Several measurements were made for each projectile-target
combination. The results are shown in Figure 1.2.1.1. Our data can be fitted
very well by a straiqht line (x^ ̂  1.4) with a very small negative intercept
on the AE(4He)-axis (abscissa in Figure 1.2.1.1) of -333 ± 150 eV, corres-
ponding to a distance intercept of ^ 0.17 Mg«cm"2 (>/• 0.8 nm). The preci-
sion of our experiments appears to be approximately an order of magnitude bet-
ter than that obtained using post-foil electrostatic (2) or magnetic analysis
(1); the reasons for this are not understood. Our results suggest that a sig-
nificant pre-equi1ibrium stopping effect does not exist for ^He ions, and
that our previous foil thickness determinations relevant to 20Ne ion energy
loss measurements in carbon were, in fact, valid (all pt Z, 3.7 yg.cm-2).

(1) P. Mertens and T. Krist, Nucl. Instr. Meth. (1982, in press).
(2) P. Scanlon and I. Reid, private communication.
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Figure 1.2.1.1 - Energy loss of 1H ordinate) and 4He (abscissa) projec-
tiles at 270 keV and 620 keV, respectively, in the same carbon foil targets.
The dashed line is a linear fit to the data. The uncertainties are smaller
than the size of the points.
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0.5 1.0

ION ENERGY (MeV)

Figure 1.2.2.1 - Efficiency of an annular microchannel plate used for detecting
the secondary electrons that signal the passage of an ion, as a function of ion
energy. These data are for projectiles, Zj, with 6 _< 1\ <_ 19.
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1.2.2 Efficiency of Channel Plate Detectors for Heavy Ions

- W.N. Lennard, 0. Phillips, I.V. Mitchell and H.R. Andrews (Nuclear
Physics Branch)

We have neasured the efficiency of an annular m'crochannel plate (see
PR-CMa-58, Figure 1.2.1.1; AECL-7517) for detecting the secondary electrons
liberated by the passage of heavy ions (6 <. Z <. 19) through a thin carbon foil.
The results are shown in Figure 1.2.2.1. The efficiency increases nonotonical-
ly from J* 20% at 250 keV projectile energy to s 60% for energies greater than
1 MeV. This behaviour can be qualitatively understood by noting that the num-
ber of secondary electrons emitted is proportional to the electronic stopping
power. The apparent saturation effect at J> 60% is, we believe, a consequence
of the fact that many secondary electrons are lost through the central hole of
"he detector. (The focussing has been confirmed by ray tracing calculations.)
The efficiency is nearly independent of the atomic number of the projectile in
this energy region. The effect of a non-constant efficiency on our heavy ion
energy loss ineasurenents has been evaluated using these results and found to be
< 0.3% for projectile energiss greater than 200 keV.

1.2.3 Systematics for the Z^-Oscillation in Stopping Powers of Various Solid
Materials

- W.N. Lennard, D. Phillips, H.H. Jorch, I.V. Mitchell and H.R. Andrews
(Nuclear Physics Branch)

An earlier report (PR-CMa-57, Section 1.2.4; AECL-7416) has discussed in
detail the modifications made to our time-of-flight system in order to elimin-
ate systematic errors associated with the original geometry. We have now re-
neasured the stopping powers of the same five solid materials (C,A1 ,Ni ,Ag,Au)
for thirteen projectiles, l\, where 6 £ 1\ _< 19 at common ion velocities,
v = 0.18 cm ns"1 (v/v0 = 0.82) and v = 0.22 cnrns"

1 (v/v0 = 1.01).
Some differences have been found between the original data (1) and the values
obtain'd using the updated system, but for the most part these are less than
5%. Analysis of the new data is continuing. We now intend to extend the
systematic measurements to new target materials using the improved experimental
setup, in an atterr.pt to understand the source of the Zj-oscillations.

(1) D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard, R.B. Walker and
N. Rud, Can. J. Phys. 57̂  (1979) 645.
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1.2.4 Tine-of-Fiight Spectrometer

- W.N. Lennard, i.V. Mitchell, o. Phillips, G.A. Sins and D.A.S. Walker
in collaboration with H.R. Andrews and D. Ward (Nuclear Physics
Branch) and J. Morralee (ueoign and Technical Services Branch)

Detailed drawings are now conpleted for a new scattering chamber. This
has been designed to permit neasurenents of the scattering distribution and
energy loss of ions passing through thin, self-supporting foils. The time-of-
flight path is laid on a rail which is free to swing through the angular range
-10° to +30°. Modifications are being maacr to the timing elements to improve
their detection efficiency.

1.3 SURFACE PHhNOMENA

1.3.1 Studies of the (UP) Surface of Monocrystail ine Au

- T.E. Jacknan, J.A. Uavies, U.P. Jackson and C.W. Sitter in collabora-
tion with P.R. Norton (Physical Chemistry Branch) and W.N. Unertl
(University of Maine)

The Rutherford backscattering and nuclear .nicroanalysis investigations
of the clean surface of Au(llO) and its interaction with adsorbed gases has
been completed. The clean Au(llO) surface exhibits an extremely sharp (1x2)
LEED pattern characteristic of a reconstructed surface at temperatures up to
approximately 700 K, above which it undergoes a phase transition to a structure
exhibiting a (lxl) pattern. Measurements of the <11U> and <100> surface peak
yields for 4He beam energies of 2.0, 1.0 and 0.6 MeV in the temperature range
165 K to 92b K were nade to determine the difference, if any, between the posi-
tions of the surface atoms in the two phases. Initial analysis failed to show
any evidence of a discontinuity (step) in the surface peak versus T dependence,
thus indicating that any displacement of Au atoms, both in-plane and out-of-
plane, in the reconstructed phase must be extremely small (i.e. £ 0.015 nm).
In addition, angular scans of the surface peak yield about the <110> and <100>
axes at 200 K have been conpleted and were found to be completely symmetric.
The symmetric scan observed for the <100> direction indicates that surface re-
laxation effects are negligible.

A more precise upper limit for the Au displacements, the possibility of
enhanced surface vibrations, the effect of correlation of vibrations, and
finally a comparison to the similar Pt(llO) surface study (PR-CMa-bS, Section
1.3.1; AECL-7332) await detailed Monte Carlo simulations' (PR-CMa-54, Section
1.5.1; AECL-7156) of the Pt(llU) and Au(llO) experiments.

Saturation coverages of CO, 0 and Dg at 16b k and 2 « 6 x 1°" 2 Pa

were determined by nuclear nicroanalysis to be extremely small: i.e. 0.17 ±
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0.03, 0,00 ± 0.03 and 0.06 ± 0.02 monolayers, respectively, where one nonolayer
is defined to be 0.85 x 10 1 5 atons cm"2.

1.3.2 Surface Preparation of a Faceted (111) Pt Sing1e Crystal and Preliminary
Measurements

•• T.E. Jacknan, J.A. Davies, D.P. Jackson and C.W. Sitter in collabora-
tion with P.R. Norton (Physical Chemistry Branch) and W.N. Unertl
(University of Maine)

A new Pt single crystal which was cut such that one half of the surface
is a (111) plane and the other half is approximately ten degrees from a (111)
plane (i.e. a stepped surface) has been cleaned by simultaneous, prolonged Ar
sputtering, oxidation and annealing at 1600 K. This cleaning procedure was
accomplished using the newly constructed manipulator (see below). The level of
all impurities has been reduced below the detectability limit of the 4-grid
LEED/Auger system (approximately 0.05 monolayers).

After transfer of the sample to the 2-axis goniometer, Rutherford back-
scattering (RBS), nuclear microanalysis (NMA) and low energy electron diffrac-
tion (LEED) measurements were made. NMA showed that the 0 and C content of the
bulk had been reduced to < 6 x 10,14 at-crrr?. However, the RBS mea-
surements indicated significant damage, as the minimum yield for the <111> axis
was approximately 0.12 instead of the expected value of 0.025. We do not yet
know whether this damage (probably introduced during the initial grinding) can
be removed by further high temperature annealing. The LEED data are being
analyzed to determine the orientation and height of the steps.

Assuming the damage can be successfully removed, the surface peak yield
will be measured for different crystallographic directions on both the (111)
and stepped faces of the crystal to determine if the atoms located at the edge
of the steps occupy different positions than atoms located in the middle of the
terraces. In addition, absolute CO and D coverage determinations will be made
for the two surfaces to see the effect of such steps on the adsorption
properties.

1.3.3 A New UHV Manipulator for Crystal Processing

- C.W. Sitter, J.A. Davies and T.E. Jackman in collaboration with
P.R. Norton (Physical Chemistry Branch)

The pre-cleaning and annealing of single crystals for surface research
was previously accomplished with the sample mounted on the standard two-axis
goniometer. However, due to the incorporation of Teflon sheaths for electrical
isolation, the temperature of the goniometer block is restricted to less than
400 K, thus limiting the length of time that the sample could be kept at high
tenperature. The time required for the goniometer block to cool greatly
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increased the total time to clean and anneal each new sample. A simple UHV
manipulator with four drives (x,y,z and 9) has now been constructed on which
a sample can be held at 1600 K essentially indef in i te ly . The sample tempera-
ture is measured using a W-5% Re/W-26% Re thermocouple.

The new manipulator has been successfully tested during the preliminary
annealing and cleaning of the faceted Pt sample. I t greatly increases the
speed with which new crystals can be processed and i t should prove especially
useful for processing high melting-point refractory metals such as W and Mo.

1.3.4 Is There Surface Pre-Melting in Ge?

- H.H. Jorch and T.E. Jackman

A recent slow-positron study (1) of the near-surface region of single
crystal germanium has revealed an abrupt, reversible decrease of the positron
diffusion length (L+) at * 1020 K. This decrease cannot be attributed to
trapping at thermally generated vacancy-like defects since L+ is constant
above the transit ion and, in any case, the bulk vacancy concentration in Ge is
below the detection threshold (10~7), even at the melting point (1211 K).
The la t ter statement is supported by measurements using bulk positron techni-
ques which have not shown any evidence for bulk vacancy effects (2). This has
led to speculation that above 1020 K an enhanced defect population may be pre-
sent in the near-surface region of Ge, which does not extend into the bulk of
the crysta l . The transit ion may be of the Kosterlitz-Thouless-Feynman type re-
sulting in a "pre-melting" of the surface region (3).

I f this is the case, the combination of Rutherford backscattering and
ion channeling (which is sensitive to small atomic displacements) should pro-
vide confirmation. An ultra-high purity germanium (111) single crystal has
been cut and chemically polished, and the Rutherford backscattering spectra ob-
tained at room temperature indicate i t is of channeling qual i ty. Modification
of a high-temperature channeling stage is now complete and wi l l allow the Ge
crystal to be cycled through the transit ion temperature.

(1) H.H. Jorch, Ph.D. Thesis (University of Guelph, 1981).
(2) S. Tanizawa, K. Hinode, R. Nagai and M. Doyama, Appl. Phys. 18 (1979) 81.
(3) F.F. Abraham, Phys. Rev. B23 (1981) 6145. ~
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1.4 RADIATION DAMAGE

1.4.1 A Channeling Study of Vacancy-Solute Complexes ii: Ni-0.2 at.% In

- L.M. Howe, M.L. Swan son and A.F. Quenneville

Using perturbed angular correlation measurements, Hohenenser et a], (1)
have determined the characteristic field gradients produced when H 1 In
atoms trap vacancies in Ni crystals. Two configurations of vacancies clustered
around an In atom were tentatively identified from the symmetry of the electric
field gradients: namely, an In atom surrounded by three nearest neighbour va-
cancies in a (111) plane, and an In atom surrounded by a tetrahedron of four
vacancies. We have initiated channeling investigations in the Ni(In) system in
order to provide additional information regarding the formation of vacancy-sol-
ute complexes.

Two slices from a Ni single crystal were implanted with 40 keV In ions
to a fluence of 1.0 x 10*6 ions cm-2 and then annealed for 1.5 hours at
1050 K. This resulted in an average In concentration of approximately 0.2 at.%
within the backscattering analysis deptn of 20-50 nm; also, approximately 98%
of the In stons were on normal lattice sites. One of the crystals was irrad-
iated at 30 K with 2.1 x 10 1 6 4He ions cm"2 at 1.6 MeV and the anneal-
ing behaviour from 30 K to 400 K was investigated by monitoring the backscat-
tering of 1.5 MeV ^He ions. The apparent displaced fractions of In atoms
into the <100>, <110> and <111> channels remained relatively constant up to
approximately 250 K. but thereafter increased steadily with f^0> > fd!n0> >

fdln 1 > < ™ e i n c r e a s e s in fdlnn> in tne temperature range 250-400 K are con-
sistent with vacancies migrating (2,3) and becoming trapped at the In atoms.
The displacement is consistent with the formation of relatively simple clusters
of vacancies around an In atom, similar to the vacancy-solute complexes formed
in dilute alloy Al(Sn) (4,5), Al(In) (6) and Cu(In) (7) crystals.

The other Ni(In) crystal was then subjected to a series of low tempera-
ture irradiations (30 K) followed in each case by an anneal up to 400 K. The
results of this investigation are given in the left part of figure 1.4.1.1
where it can be seen that, as the irradiation proceeds, t:^j^1> approaches sat-

uration more rapidly than f^Q>, f^}^ 0 > or f ^ 2 > . Also f^0> is larger than

*dlnn> ^or any °^ the otner directions over most of the irradiation fluence
range. The present results are consistent with the creation of both trivacan-
cy-solute and tetravacancy-solute clusters with the latter becoming dominant as
the irradiation proceeds.

The effect of '• subsequent irradiation at 80 K, where interstitials are
mobile but vacancies are not (2), is shown in the right part of Figure 1.4.1.1.
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Figure 1.4.1.1 - The apparent displaced fractions f , j }nn > of In atoms into
<100>, <110>, <112> and <111> channels as a function of irradiation fluence of
1.5 MeV Ĥe ions. The i n i t i a l irradiations were at 30 K followed in each
case by a 600 s anneal at 400 K. The second set of irradiations were at 80 K.

The gradual decrease in f ^ j n " > which is observed for al l channels is consistent
with a gradual decay of the vacancy-solute complexes occurring, as i n te rs t i -
t i a l s migrate to the complexes. As the low temperacure irradiation proceeds,
most of the In atoms return to their normal la t t ice s i tes, thus indicating that
during the i n i t i a l 30 K irradiations and 400 K anneals there was relat ively
l i t t l e tendency for multiple clustering of In atoms or irradiation-enhanced
precipitation to occur.

Calculations of the flux profi les of 4He ions in <100>, <110>, <112> and
<111> channels (using the computer programs described in Section 1.7.1 of this
progress report) w i l l now be undertaken in order to assess whether the experi-
mental results can be sat isfactor i ly explained by the creation and subsequent
annihilation of trivacancy-solute and tetravacancy-solute complexes or whether
higher order complexes such as hexavacancy-solute atoms also need be consider-
ed.

(1) C. Hohenemser, A.R. Arends, H. de Waard, H.G. Devare, F. Pleiter and
S.A. Drentje, Hyperfine Interactions 2 (1977) 297.

(2) U. Schi l l ing, G. Burger, K. Isebeck and H. Wenzl, in Vacancies and Inter-
s t i t i a l s in Metals, (North-Holland Publishing Company, 1970) p.255.

(3) S.K. Khanna and K. Sonnenberq, Rad. Eff. 59 (1981) 91.
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(4) M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys. Rev. B22 (1980)
2213.

(5) M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville, J. Phys. F.:
Metal Phys. H_ (1981) L185.

(6) M.L. Swanson and L.M. Howe, to be published in the Proc. of the Yamada
Conf. V on Point Defects and Defect Interactions in Metals (Kyoto, 1981).

(7) L.M. Howe and M.L. Swanson, to be published in the Proc. of the Yanada
Conf. V on Point Defects and Defect Interactions in Metals (Kyoto, 1981).

1.4.2 A Channeling Study of Defect Complexes Produced by Heavy Ion Bombardment
of A1-0.04 at~T~Sn~

- L.M. Howe, M.L. Swanson, A.F. Quenneville and J.A. Moore (Brock
University)

Investigations of the formation of vacancy-Sn atom complexes during
irradiation have now been extended to heavy ion bombardments (the previous
studies (1,2) were with ^He ion bombardments). An Al-0.04 at.% Sn crystal
was bombarded at 30 K with 1.0 x 10 1 3 ions cm"2 of 1.0 MeV Kr and then
annealed at various temperatures up to 360 K. In Figure 1.4.2.1 the apparent
fractions f^s™* of Sn atoms displaced into <100>, <110>, <112> and <111>
channels are shown as a function of annealing temperature. Except for small
increases in fjsrin> which occurred between 70 and 120 K, the major increases in

f
,<lmn> 0.6

dSn

Al - 0.04 at % Sn

0 80 160 240 320

ANNEALING TEMPERATURE (K)

Figure 1.4.2.1 - Recovery of f<jsnn> during isochronal annealing (600 s pulse
anneals) of Kr-irradiated Al-0.04 at.% Sn.
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occurred between 180 and 220 K. Since vacancies are expected to be
quite mobile in the temperature region 180-220 K in Al and because there are
quite specific displacements of the Sn atoms into the various channels, 1t sug-
gests that relatively simple complexes of clusters of vacancies are being form-
ed around the Sn atoms. The behaviour is similar to that observed for the pre-
vious ^He ion bombardments (1,2). A detailed analysis of the experimental
data will now be undertaken, making use of calculated ion flux profiles (see
Section 1.7.1 of this progress report), to see if the results are consistent
with the formation of trivacancy-solute, tetravacancy-solute and hexavacancy-
solute complexes, as previously proposed (2).

Consistent with our previous investigation (1), it was found that the
vacancy-solute complexes gradually break up upon annealing above approximately
240 K. At a temperature of 360 K, f^n> was similar for all channels but
still appreciably above the unirradiated values. Subsequent irradiation with
4He ions at 70 K (where only interstitials are mobile) resulted in a further
gradual decrease in f^s^n> to values in the range 0.31 to 0.39 for the various
channels as the fluence approached 8.8 x 10,15 4ne ions cm"2. These
observations, coupled with final measurements on an unirradiated part of the
crystal, suggest that, in addition to the creation and annihilation of vacancy-
solute complexes, some irradiation-enhanced precipitation is occurring; this
was also observed in the previous investigations (1,2).

(1) M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys. Rev. B22 (1980)
2213.

(2) M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville, J. Phys. F.:
Metal Phys. 11 (1981) L185.

1.4.3. Channeling Investigations of Interactions Between Irradiation Produced
Defects and Solute Atoms in Al-0.02 at.% In

- L.M. Howe, M.L. Swanson and A.F. Quenneville

In the previous section of this progress report, it was mentioned that
during annealing of an Al-0.04 at. % Sn crystal, following heavy ion bombard-
ment, small increases in the apparent displaced fractions f|jsnn> were ot)served

between 70 and 120 K, prior to the larger increases observed above 180 K where
there is appreciable mobility of vacancies., Similar behaviour has also been
observed for dilute alloy Al(Sn) and Al(In) crystals irradiated with ^He ions
(1,2). This behaviour has now been investigated in somewhat more detail with
1.0 MeV 4He ion bombardments of an Al-0.02 at.% In crystal. The crystal was
irradiated at 30 K with 2.1 x 10 1 6 ions cm"2, annealed at various tem-
peratures between 30 and 100 K and then irradiated at 70 K. During the anneal,

virtually no change in f^in"* occurred between 30 and 60 K for any of the



channels ( i . e . <100>, <110> or <111>) but 1^]™"* increased steadily from 60 to

120 K (e.g. fdin0 > and fdl f i0 > f r o m "" ° - n t 0 ** °*24 and fdinX > f r o m t o

•« 0.21). The subsequent i rradiat ion at 70 K produced decreases in f ^ i n " * for

a l l channels but, even after an irradiat ion of 1.3 x 1016 4He ions cnT2

the f<jipn ' values were considerably above the unirradiated values.

I t is d i f f i cu l t to attr ibute the observed behaviour to trapping of a
single se l f - i n te rs t i t i a l at an In atom since no increase in f ^ i n " * was observ-
ed between 30 and 60 K, even though se l f - in te rs t i t i a l s in Al would be mobile in
th is temperacure ran^e. Multiple trapping of se l f - i n te rs t i t i a l s at an In atom,
which would require a relat ively large number of atomic jumps, may be consist-
ent with the experimental observations. Certainly, both nionovacancies and d i -
vacancies would have extremely low mobility at 60 to 100 K (assuming the migra-
t ion energy for the divacancy Ê y = °«50 eV and for the monovacancy E^ =
0.65 eV (3)) so that the creation of vacancy-solute complexes by normal d i f fu -
sion processes seems unlikely. In a recent perturbed angular correlation study
(4) in Al cold-worked at 77 K, i t was reported that no trapping of i n te rs t i -
t i a l s was observed, whereas after annealing between 110 K and 210 K an increas-
ing fraction of the In impurities had trapped a la t t ice defect of vacancy type.
I t was concluded that the In atoms trap divacancies which migrate, at least
par t ly , along dislocation l ines. Whether there wi l l be a suff ic ient ly high
concentration of irradiation-produced dislocation loops and tangles at 60 K to
100 K to give rise to a similar phenomenon in our Al(In) case is not obvious.
In any event, i f vacancy-solute complexes have been formed, they appear to be
rather complex, as the subsequent irradiat ion at 70 K, where only i n te rs t i t i a l s
are mobile, did not completely annihilate the complexes. Also, at such low
temperatures (^ 100 K), i t is unlikely that irradiation-enhanced precipitation
has occurred, except possibly by an in te rs t i t ia icy mechanism.

(1) M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys. Rev. B22 (1980)
2213.

(2) L.M. Howe, M.L. Swanson, to be published in the Proc. of the Yamada Conf.
V on Point Defects and Defect Interactions in Metals (Kyoto, 1981).

(3) R.W. Ba l l u f f i , J . Nucl. Mat. 69 & TQ (1978) 240.
(4) H.G. MUller, to be published in the Proc. of the Yamada Conf. V on

Point Defects and Defect Interactions in Metals (Kyoto, 1981).
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1.4.4 Collision Cascades in Ge

- L.M. Howe and M.H. Rainville

Electron microscope investigations have been made of damaged regions
produced in Ge single crystals during implantation with monatomic and diatomic
ions of As, Sb, Te and Bi at energies ranging from 15 to 50 keV as well as from
nonatomic Bi at energies ranging from 15 to 120 keV. Studies on the annealing
of the damaged regions produced by the monatomic and diatomic As, Sb and Bi
implants are neanng completion. Detailed measurements of the number density
and size of the damaged regions are presently underway.

1.4.5 Effect of Helium Ion Irradiation on Zirconium and Zr-2.5 wt% Nb

- R.H. Zee and J.F. Matters (Materials Science Branch) and
O.M. Westcott

See Progress Report PR-CMa-60, Section 4.4.2; AECL-7692.

1.5 ION BEAM MODIFICATION OF MATERIALS

1.5.1 Ion-Beam Mixing Experiments

- H.H. Jorch and R.D, Werner

Modifications to the sample chamber on the High Voltage Mass Separator
are now complete and have been tested. The cryo-pump unit allows a temperature
of 40 K to be maintained on the sample stage and cryo-shield. The sample stage
can also be heated to obtain any desired temperature between 40 K and approxi-
mately 3bO K. Some preliminary mixing experiments using 500 keV ^ 2 X e +

are now underway. RutherfoM backscattering analyses of mixed Au-on-Si and Ag-
on-Si thin-film samples will be compared to published results (1) to evaluate
system sensitivity.

(1) S.S. Lau, B.Y. Tsaur, M. von Allmen, J.W. Mayer, B. Stritzker, C.W. White
and B. Appleton, Nucl. Instr. Meth. 182/183 (1981) 97.
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1.5.2. A Study of the Cross Section for 0.6-2.3 MeV He Ion Scattering From
Low-Z Targets

- J.A. Davies, T.E. Jackman, H.H. Jorch in collaboration with
J.R. MacDonald (University of Guelph) and L C . Feldman (Bell Labs,
Murray Hill)

The backscattering yield from Si atons in a thin SiOg layer deposited
on a Be foil has been measured as a function of incident 4He energy (0.6-2,3
MeV). The observed scattering yield for Si exhibited the expected E~2
(Rutherford) dependence throughout the accessible energy region within the
experimental accuracy of ±1.5%, as was also found for Al and 0 in an earlier
set of measurements (PR-CMa-58, Section 1.5.1; AECL-7517). This work is now
complete and is being prepared for publication.

1.6 INTERDISCIPLINARY RESEARCH

1.6.1 Preliminary Evaluation of Some Preparation Techniques for the Proposed
Neutrino Mass Datermination

- H.R. Andrews and J.L. Gallant (Nuclear Physics Branch) in
collaboration with H.H. Plattner and I.V. Mitchell

See Progress Report PR-P-133, Section 2.22; AECL-7683.

1.6.2 Bending of High Energy Proton and Pion Beams by Bent Single Crystals of
Silicon

- S.T. Baker and R.A. Carrigan, Jr. (Fermilab), J.S. Forster (Nuclear
Physics Branch), I.V. Mitchell, W.M. Gibson, I.J. Kim, M. Pisharody,
S. Salmon and C.R. Sun (SUNY, Albany) and E. Tsyganov (Dubna)

See Progress Report PR-P-133, Section 2.3; AECL-7683.

1.6.3 Crystal Preparation for Beam Bending Experiments at Fermilab

- J.S. Forster (Nuclear Physics Branch), I.V. Mitchell, R.E. Toone
(Neutron and Solid State Physics Branch), M.H. Rainville and
J.E. Winegar (Metallurgical Engineering Branch)

See Progress Report PR-P-133, Section 2.23; AECL-7683.
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1.6.4 Experimental Equipment for the Fermilab Beam Bending Experiment

- J .S. Forster , M.G. Steer, F.J. Sharp (Nuclear Pnysics Branch) and
I.V. Mi tchel l

See Progress Report PR-P-133, Section 2.24; AECL-7683.

1.6.5 Crystal Blocking Li fet ime Measurements fo r Fission from ^ F Bombardment

of a Thin Crystal of 181Ta

- J.S. Forster (Nuclear Physics Branch), W.M. Gibson (SUNY, Albany),
I.V. Mi tchel l and K. Reichelt (FF' KFA, Ju l i ch )

See Progress Report PR-P-133, Section 2.14; AECL-7683.

1.6.6 K X-Rays f ron Long-Lived Compound Nuclei

- J .U. Andersen and E. Laegsgaard (Aarhus U n i v e r s i t y ) , J.S. Forster
(Nuclear Physics Branch) and I.V. Mi tchel l

See Progress Report PR-P-133, Section 2.15; AECL-7683.

1.6.7 Measurements of the Li fet imes of Levels of

- T.K. Alexander, G.C. Ball and J.S. Forster (Nuclear Physics Branch),
I.V. Mi tche l l and H.B. Mak (Queen's Univers i ty )

See Progress Report PR-P-133, Section 2 .7 ; AECL-7683.

1.7 COMPUTATIONS

1.7.1 Calculat ion of Flux Pro f i les of Channeled Ions

- L.M. Howe and N. Matsunami (Nagoya Un ivers i ty , Japan)

Previously, the d i rec t ion and magnitude of solute atom displacements in
mixed dumbbell i n t e r s t i t i a l s were determined for Ag, Cu and Mn solutes in Al
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and Be in Cu by comparing experimentally observed solute yields with theoreti-
cal yields obtained using an analytical (continuum) model for calculating the
flux profiles of ions within a channel (1). The computer programs which were
initially developed have now been rewritten in a more general manner which
makes them more readily applicable to various other crystal systems. Specifi-
cally, the following calculations are performed:

(1) Determination and tabulation of the coefficients used in the potential cal-
culations.

(2) Computation of multi-string continuum potentials.
(3) Computation and plotting of equi-potential contours.
(4) Computation of the accessible area A(EX) and initial distribution

9o(e^)-
(5) Calculation of the flux distribution of ions within a channel.
(6) Computation and plotting of the equi-flux contours.
(7) Calculation of the scattering yield as a function of the magnitude of the

displacement of an atom from its normal lattice site and of the angle of
incidence of the ion beam.

The appropriate parameters required in the programs for characterizing
various axial channels have now been worked out for <110>, <100>, <111> and
<112> channels in the f.c.c. lattice, <10l0>, <1120> and <U0Ul> channels in the
h.c.p, lattice and <100>, <110> and <111> channels in the diamond lattice.

(1) N. Matsunami, M.L. Swanson and L.M. Howe, Can. J. Phys. 56 (1978) 1057.

1.7.2 Low Energy Scattering of He Ions from a Nickel (110) Surface with
Adsorbed Oxygen

- D.P. Jackson in collaboration with E. Taglauer (IPP, Garching,
Germany) and W. Heiland (University of OsnabrUck, Germany)

The previous work on this subject (see PR-CMa-52, Section 1.6.1; AECL-
6966) showed the existence of trajectory-dependent neutralization effects for
He+ and Li+ scattering from clean Ni surfaces. This work has been extended
to studying the situation where oxygen is adsorbed on the surface. From LEED
evidence it is known that oxygen adsorbs on Ni in a (2x1) pattern and a missing
row model has been assumed for purposes of the calculation. Initial compari-
sons of the experiments and the computations show good agreement for both ion
types using the simple neutralization model for He+. Work on refining this
argument continues.
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1.8 ACCELERATOR OPERATION

1.8.1 High Voltage Mass Separator

- G.A. Sims and D.A.S. Walker

During the month of January, accelerator tube "de-conditioning" was ob-
served at a terminal voltage of approximately 9UU kV. This was two months
(100 operating hours) after the "Isoya arc conditioning" procedure was perform-
ed (PR-CMa-59, Section 1.8.3; AECL-760/). De-conditioning symptoms are similar
to the ones experienced before the Isoya arc conditioning was attempted. How-
ever, the accelerator has been operated at 1.5 MV since the de- conditioning
set in, but only after the tube had been voltage conditioned in the normal man-
ner. A new acceleration tube is on hand, but how soon it will be installed
will depend on the rate at which the voltage-holding capability of the present
tube decreases and on user requirements.

Additional modifications to the SFg gas handling system were made to
further reduce the loss of insulating gas. Leaking pressure relief (pop-off)
valves were contributing to this loss. Various types of valves and valve seats
were tested but none proved satisfactory. New pressure relief valves that were
factory set to release at 862 kPa, leaked at pressures below 41b kPa. This
problem may have been eliminated by interposing rupture discs. Pressure sens-
ing heads have been installed between the rupture discs and the relief valves
and will alarm whenever a high pressure condition exists due to a faulty or
ruptured disc.

The "beam-on" time for the first quarter of the year was 139 hour?.

1.8.2 2.5 MV Van de Graaff Accelerator

- G. Kyle

The accelerator ran well during the first quarter of 1982, with four
days down-time. A cracked capacitor that had been causing a decrease in the RF
signal to the ion source has been replaced, thereby correcting a recurring
source fault.

The beam time (in hours) was allocated as follows:

H+ 65
D + 33.
3He + 21
4He + 279
Total 398
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1.8.3 70 kV Low Voltage Mass Separator

- O.M. Westcott

In January, the heating element had to be replaced in the accelerat ing
chamber d i f f us ion punp. In February, the Cryomech r e f r i g e r a t o r , used to cryo-
pump the target chamber, f a i l e d . The compressor was found to be fau l t y and a
new one was ordered. In the meantime, the separator is operating using a bor-
rowed cryopump.

Special heating un i ts were developed to enable R.H. Zee and J.R. Parsons
to implant t h e i r targets at elevated temperatures.

The fo l lowing implants were accomplished during t h i s quarter .

Isotope Implant Energy Time User
(keV) (hours) Branch

4He+ 50 64 R. Zee Mat, Sc i .

(1&N)2
+ 4U 24 H. Plat tner S.S.S.

2 0Ne+ + 50 120 J.R. Parsons Mat. Sci.

1.9 PUBLICATIONS, REPORTS AND LECTURES

1.9.1 Publ icat ions

An Experimental Study of the 180° Backscattering Yield Enhancement
by T.E. Jackman, J.A. Davies, W. Eckstein and J.A. Moore
Nucl. I n s t r . Meth. m (1981) 527-531; AECL-7447.

Quant i ta t ive Analysis of Buried In te r fac ia l Impurity Layers by SIMS and RBS
bv P. Wi l l iams, J .E. Baker, J.A. Davies and T.E. Jackman
Nucl. I n s t r . Meth. Vtt (1981) 318-322.

Stopping Powers for 20-140 keV H+ and He+ on N i , Ag and Au
by D.A. Thompson, W.F.S. Poehlman, P. Presunka and J.A. Davies
Nucl. I ns t r . Meth. _ m (1981) 469-474.

Large Angle D i f f e ren t i a l Scatter ing Cross-Sections for Various Ions
(2 i Zj <. 10) in the 65-135 keV Energy Range
by W.F.S. Poehlman, D.A, Thompson and J.A. Davies
Nucl. Ins t r . Meth. 191 (1981) 495-499.
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A New Surface Phase for CO-Covered Pt(llO)
by T.E. Jackman, J.A. Davies, D.P. Jackson, P.R. Norton and W.N. Unertl
J. Phys. C: Solid State Phys. \b_ (1982) L99; AECL-?b60.

Multiple Scattering Effects in Ion Surface Interactions at Low Energies
by D.P. Jackson, M. Heiland and E. Taglauer
Phys. Rev. J324, #8 (1981) 4198-4207; AECL-7322.

1.9.2 Lectures

Energy Loss of Heavy Ions as a Function of Target Thickness: Ne ->• C
by W.N. Lennard, H.R. Andrews, I.V. Mitchel l , D. Phil l ips and D. Ward
Invited Lecture presented at US-Japan Seminar on Charge States and Dynamic
Screening of Swift Ions in Solids, Honolulu, Hawaii, 1982 January 2b-29.

The Use of Channeling in Various Solid State and Surface Applications
by J.A. Davies
Presented at the Jens Lindhard Anniversary Symposium on "Selected Topics in
Physics", Aarhus, Denmark, 1982 February 26

Recent Studies of Pt and Au surfaces, using MeV Ion Scattering and Nuclear
Microanalysis
by J.A. Davies
Presented at the FOM Institute of Atonic and Molecular Physics, Amsterdam,
Holland, 1982 March 8

Uses of Ion Implantation to Improve Surface Durability
by I.V. Mitchell
Presented at the 3rd Industrial Symposium, University of Western Ontario,
London, 1982 March 25-26
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Inductively Coupled Plasma/Atomic Emission Spectrometry (ICP-AES)

- J.P. Mislan, K.D. Wright, P.L.J. Faught, G.J. Jarbo,
M.T. Hurteau, P.A. Robinson

2.2.1.1 Instrument Automation

Development and testing of the automatic sequential ICP-AES is
being continued. Recent work has been directed toward the following:

1. Adjustment and refinement of drive t ra in components.

2. Interfacing and software development for an automatic sample changer
(Van an PSC-55).

3. Improvement in sensi t iv i ty and s tab i l i t y of sample delivery using an
inert pneumatic nebulizer (JY nebulizer) and a mass flow controlled
nebulizer gas supply. Preliminary tests have been conducted to deter-
mine the feas ib i l i t y of improving analytical sensi t iv i ty by using
microwave heating (plus condenser) to desolvate a sample aerosol
generated by a pneumatic nebulizer.

4. Development of a simpli f ied peak detection algorithm which w i l l enhance
peak height detection rate by a factor of three compared with the
present program (45 seconds plus slewing time at 400 nm-s"1).

The automatic plasma emission spectrometer has been used for
multi-element analysis (up to 8 elements per sample) for a variety of
service samples including: solution samples from environmental studies,
twelve thorium extracts, each analyzed for 14 elements (accuracy of ± 5%)
and zirconium alloys for alloying constituents. Results have been checked
by atomic absorption spectrometry or manual ICP-AES and found to be in
good agreement (± 5% or bet ter) .

2.2.2 Determination of Hafnium in Zirconium

2.2.2.1 Direct Determination of Hafnium in Zirconium

Work has been resumed to accumulate precision and accuracy data
required for a report on this subject. A new software routine that w i l l
permit peak height measurement of the hafnium line in the presence of a
nearby zirconium line should assist in this work.
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2.2.3 Determination of H and D in Metals

- J.P. Mislan, H.D. Herrington, K.D. Wright and L.F. Junop

Testing of the automatic analyzer for isotope dilution-mass
spectrometric determination of H and D in metals is continuing. Analytical
data are being acquired for NBS standard reference materials (hydrided
zirconium and Zircaloy-4) and CRNL reference materials (hydrided and deuter'ded
zirconium alloys prepared by Metallurgical Engineering Branch) using the
same equil ibration conditions as adopted for the batch sampling procedure
(^0.5 h at 850°C).

The gas analyzer has been operated for the f i r s t time in f u l l y
automatic mode (including automatic sample changing).

2.2.4 Determination of Oxygen Isotope Abundances

- J.P. Mislan, W.A. Lockhart with W.J. Olmstead

The sensi t iv i ty of an exist ing quadrupole mass spectrometer for
isotope abundance measurements of oxygen can be improved by operation at an
elevated temperature to remove adsorbed water and reduce the potential for
isotopic exchange. To this end tests have been made with the mass f i l t e r at
^200°C without adverse effects on operations. A glass batch-inlet system is
being constructed so that this portion of the system may also be heated.

2.2.5 Mass Spectrometry of Biological Samples

- J.P. Mislan, W.A. Lockhart, H.D. Herrington; in cooperation
with P. Unrau and J . Chi Ids of Radiation Biology Branch

2.2.5.1 Solids Probe Sampling of Uracil

Tests of the performance of the quadrupole mass spectrometer
in an investigation of deaminating bases in DNA showed l imitat ions resulting
from the design of the instrument solids probe and the GC-MS interface.
New equipment has been ordered to overcome these deficiencies.

2.2.6 Chromatography

- S. Elchuk, R.M. Cassidy

2.2.6.1 Column Development

The styrenedivinyl benzene support has continued to give efficient
separations of anions when used with hydrophobic modifiers (see PR-CMa-59),
and has been used for the determination of NO! and NOi (for the evaluation
of processes for the removal of nitrogen oxides from gas streams).
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Recent studies have been focused on the use of conductivity for
detection of anions rather than UV absorption at 215 nm, which was used
previously; conductivity measurements offer a more universal mode of
detection, and should be more sensit ive.

The response of a conductivity detector is d i rect ly related to the
magnitude of the difference between the equivalent conductivities of the
eluent anion and the analyte anion. Consequently, highly conductive eluents
such as phosphate and tetrabutylammonium hydroxide (t-BNOH) have both positive
and negative responses for a series of test anions. This problem was
eliminated for the t-BNOH eluent by the postcolumn addition of a hydrophobic
organic acid. This acid-base reaction produced an ion pair having low
conductivity, and resulted in sensitive and positive responses for a l l test
anions; however, very small variations in the mixing efficiency of the
postcolumn system caused fluctuations in the background conductivity and
limited the sens i t iv i ty .

Further improvements in detection l imits were obtained when the
hydrophobic acid was added to the start ing eluent. This technique caused
increased retention of the hydrophobic modifiers on the support and thus
lower concentrations of the modifiers could be used. Consequently background
noise and detection l imits were reduced. The retention times of the anions
could not be easily changed with this system, but recent studies showed that
this problem was eliminated when a large and irreversibly sorbed cation
modifier was f i r s t coated onto the support.

Some representative data obtained with one of the dynamically coated
columns is shown in Table 2.2.6.1.1. Some of the results reported here have
been summarized in more detail in a paper that has been submitted for
publication in Analytical Chemistry.

Table 2.2.6.1

Experimental Data for Styrenedivinyl benzene
Column used with an Ion Pair Eluent

Anion Weight of Anion % Relative Detection* Column
(ng) Standard Deviation Limit (ng) Efficiency

(mm/HETP)

F"

cr
NOi

sog-

10

6

20

20

5

6

2
4

0.6
0.4

1.0

1.0

0.09

0.12

0.10

0.07

•Detection l imits are defined as twice baseline noise, for ^ 20 \xl injection
volume.



- 30 -

2.2.6.2 Am'on Chromatography

Testing of the chromatograph described previously (PR-CMa-59)
has been completed and i t is working sat is factor i ly . This unit w i l l be used
for routine anion analysis.

2.2.6.3 Determination of Multifunctional C a r b o l i c Acids

There is a need for more rapid analytical techniques for the determination
of the carboxylic acids used for decontamination of reactor systems and l iqu id
chromatography was examined for this purpose. Previous studies had shown that
reversed-phase/ion pair systems could be used for only some of these acids.
Recent efforts were focused on the separation of the metal complexes of these
acids. These studies showed that a reversed-phase/ion pair system worked very
well for such complexes, part icularly i f the ligands were large polyfunctional
acids; however, for one of the smaller acids of in terest , the rates of mass
transfer and/or the rates of metal-complex formation were slow and broad ta i l i ng
peaks were obtained. When the separation conditions were optimized i t was
possible to determine the components of interest, but i t was f e l t that the
procedure was not suitable for routine analysis.



2.2.7 Analysis Requests

Received From

System Materials

Envi ronmental
Research

Type of Sample

Douglas Point Cleaning
Solutions

Reverse Osmosis Solu-
tions (N.P.D.)

Soxhlet Leach Water
High Purity Aluminum
Bldg. 202-Foul ing Water

Waste V i t r i f i ca t ion
Run-Samples

Eldorado Nuclear
Liquid Fil ters

Crud
N0x in Air

• N02 in Air
Glace Bay Feedwater
Process Water
Test Solution
Metal Plate
Port Hawkesbury Scale
TFRE Solution

Groundwater and
Borehole Water
Samples

Separated Mineral

No. of
Samples

117

36

7
10
3

9

6

2
2
2
2
1
1
1
1
1

79

8

No. of
Determi nati ons

233

55

40
56
38

45

30

38
11
8
2
1
3
8
1
1

422

24

Technique*

FAA, ICAP

FAA, ICAP

FAA, ICAP
I CAP
FAA, S i ,

ISE

FAA

FAA

I CAP
Mass Spec.
Mass Spec.
ISE
FAA
FAA
X-Ray
S
FAA

FAA, ICAP

FAA

Elements Determined or
Type o f Analysis

Fe, Cu, Ni

Na, Sr

Na, K, Ca, Mg, S i , Al
Quantitative (Impuri t ies)
Na, K, Ca, Mg, Fe, Cu,

Mn, Cr, A l , S i , F, C l ,
NOa.SO,,

A l , Na, Hg, Cs, Sr

Fe, Ca, Mg, Sr, Ba

Quanti tat ive
N0x
N02
F
Cr
Fe, Cu, Ni
Type I den t i f i ca t i on
La ac ha ble Cl
K

Fe, Mn, Na, K, Ca, Mg
A l , Si

Fe, Mn, Al
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Received From

Chemical
Engineering

Metallurgical
Engineering

Fuel Materials

Chemical
Operations

Type of Sample

Girdler-Sulphide
Mobile Pi lot Plant

D2 Gas
Hz in N2
H2 Gas
L.P.C.E. Rig

Cooling
Heavy Water

Failed Turbine
Blades

Zr-2
Excel Alloy
Zr and Nb
Zr/Nb Alloy

Reactor Grade ThO2
Denitrated Th, U(02)
Fission Gas

Water Process Samples
N0x in Xe
Loop Decontamination

Waste Solutions
Simulated Fission

Products
"Mo

No. of
Samples

121

9
6
4
2

1

15

76
40
30
18

10
3

37

18
4
4

3

2

No. of
Determinations

307

51
20
20
15

14

70

76
40
30
46

396
3

219

128
43
12

18

8

Technique*

I CAP

Mass Spec.
Mass Spec.
Mass Spec.
ES, S

ES

FAA, X-Ray

Mass Spec.
Mass Spec.
Mass Spec.
I CAP

I CAP
ISE
MS

I CAP
MS
FAA

I CAP

MS

Elements Determined or
Type o f Analysis

Fe, Al

Impuri ty Content
H2
Impuri ty Content
Q u a l i t a t i v e , Cl

Qualitative

Ni, Cr, Mo, Mn; Type
Identi f icat ion

H2
H2
H2
Mo, Sn, Nb

Impurity Content
Leachable N03
Gas Composition

Quantitative
N0x
Na, K, Mn

Quantitative

Gas Composition

co
ro



2.2.7 Analysis Requests (Page 3)

Received From

General
Chemi stry

Physical
Chemistry

El dorado
Nuclear

N.P.D. (Rolphton)

Combustion
Engineering
(Contract)

W.E. & P.

Type of Sample

Heavy Water
Reactor Grade ThOz
Crud-in-Oil
Steel Standards
Process Gas
U/Al/Si Alloys

Platinum Solutions
Process Gas
Resin
H2 Gas

Fi l t rates
Lake Water

N.P.D.
Heavy Water

Fuel Elements

High Purity Aluminum

No. of
Samples

3
1
1
3
2
2

22
1
2
1

24

1
2

10

3

No. of
Determinations

60
28
18
12
6
4

22
12
32
5

104
42

2
52

53

10

Technique*

ICAP
ICAP
ES
FAA
MS
FAA

FAA
MS
X-Ray
MS

ICAP
ICAP

S, ISE
ICAP

MS

ICAP

Elements Determined or
Type of Analysis

Quantitative (Impurit ies)
Quantitative (Impurit ies)
Qual i tat ive (Impurit ies)
N i , Cr, Mo, Mn
Gas Composition
A l , Si

Pt
C l , S

Gas Composition

Cations
Cations

C l , F
Impurity Content

Mass Spec.

Quanti t a t i ve

CO
CO



2.2.7 Analysis Requests (Page 4)

Received From Type of Sair-1e

Materials Science High Purity Aluminum
Doped Crystals

Fuel Engineering Zr-2 Alloy
Crud Solution

R. & I.S.

1.D.T.

fillipore Filter
Oil

Paste

Nuclear Physics Powder

Envi ronment Crud
Canada, Ottawa

C.P.D.

Stores Cloth Tape

No. of
Samples

4
4

12
1

1
2

1

1

1

1

1

No. o f
Determinations Technique*

TOTAL 810

(PR-CMa-59) 1783

12
24

12
7

1
8

18

14

14

7

6

3117

5176

I CAP
I CAP

MS
FAA

FAA
X-Ray

X-Ray

ES

ES

MS

X-Ray

Elements .Determined or
Type of Analysis

Quantitative Dopant Content
Quantitative Dopant Content

H
B, Fe, Cu, Mn, A l , S i , Sn

Si
Cl

Cl , S

Qualitative

Qualitative

Gas Composition

Cl

I

to

*FAA - Flame Atomic Absorption, ISE - Ion Selective Electrode, MS - Mass Spectrometry (Gas),
ES - Emission Spectrography, S - Spectrophotometry (UV/VIS), ICP - Inductively Coupled Plasma,

GCA - Gravimetric Chemical Analysis.
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Gamma Spectrometry Laboratory

- L.P. V. Corriveau

A total of 62 samples were analyzed during the period.

The

U-2

4

Bldg

Nal spectra
GeLi spectra

distribution of samples was as

U-5

5

. 375

10

NRU Phys. Chem.

31 10

Bldg. 570 Delay '

5 13

Determination of 230Th in Canadian

16
327

follows:

Met. Eng.

19

ranks Sp

U-Th Ores

CPD

21

. Anal.

130

NPD

6

2.3.2

- P.M. Ryan, W.J. Edwards

Continued attempts to measure 230Th concentrations by means of
epithermal neutron activation have not been successful. Thorium has been
extensively purified from uranium mine liquor by means of solvent extraction,
and then irradiated with epithermal neutrons. The background activity from
natural 232Th, principally 233Pa, masks any 231Th from the desired activation.

2.3.3 Preparation of Methyl Bromide with a 82Br Label

- P.M. Ryan, L.P.V. Corriveau, W.J. Edwards

At the request of Commercial Operations a method is being developed
for the preparation of high specific activity methyl bromide labelled with
82Br. The quantity required is«5 x 10"5 moles of CH3Br incorporating
3 MBq of 8?Br.

A procedure has been developed for reacting 4 mg of HBr with 2 ml
of CH30H followed by low temperature vacuum distillation of the product.
Tests using low specific activity 82Br show good yields (̂  80%) for CH3Br.
Current work involves revising the vacuum system to incorporate the shielding
and handling methods suitable for higher activity levels.
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2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

- W.M. Thurston, M.W.D. James

The following is a summary of deuterium analyses for the period.

No. of Analysis

4000

1.4.2

18

29405

Group

General Chemistry Branch

Chemical Company

Pickering N.G.S.

Physical Chemistry

Heavy Water Analysis

- W.M. Thurston, M.W.D. James

Program

Absolute D20
determinations
(on-line)

Interlab comparisons
and standardizations

D20 inventory control
(contract)

H20 - H2 exchange,
on-line H2 analyses
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2.5 ELECTROCHEMISTRY

2.5.1 Laboratory Demonstration of the CECE-HWP Superupgrader

- M. Hammerli, A.S. Denovan

2.5.2 D20 Analysis on tne Noranda CECE-HwP Pi lo t Rig

- M. Hammerli, A.S. Denovan

2.5.3 Performance cf the C.E. Solid Polymer Electrolyte (SPE) Cells

- M. Hammerli, A.S. Denovan

2.5.4 Nitrogen Dioxide- Xenon Standards and Analysis Method

- M. Hammerli, W.J. 01mstead

In order to estimate the chemical reaction between K202 and N02,
10.33 cm3 of N02 (a f ter reacting with 02 to ensure that no NO was present)
was shaken with 10 cm3 of 10% H202. The volume of gas remaining a f te r the
reaction was 0.65 cm3 and was mainly oxygen. The l i qu i d phase was analysed
for N02 and N01_by S. Elchuk and contained 3.18 g-L"1 NO .̂ Assuming a y i e l d
of 1 mole of NO3 fo r each mole of N02, the NO3 concentration should have been
2.85 g-L"1 . I t seems reasonable to assume therefore that one mole of N02
produces 1 mole of NO3 and the most probable product is n i t r i c acid since
no n i t r i t e was detected.

I t seemed advisable to form the n i t ra te as non-volat i le NaN03 and
therefore 90 cm3 al iquots of 100 yL-L" 1 , 50 yL-L" 1 , 25 yL-L"1 and 10 yL-L"1 N02
i n Xe were added to 5 cm3 of 0.001 M NaOH in 5% H202 and shaken fo r several
hours. The results are shown in Table 2 .5 .4 .1 .
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Table 2.5.4.1

Reaction Between N02 in Xe and 0.001 M NaOH-5% H202 Solution

90
N0:

90
N05

90
NG2

90
N02

90
N02

90
N02

90
N02

90
N02

cm3

i in

cm3

> in

cm3

i in

cm3

: in

cm3

in

cm3

in

cm3

in

cm3

in

Sami

of
Xe

of
Xe

of
Xe

of
Xe

of
Xe

of
Xe

of
Xe

of
Xe

pie

100 u

1

L-L"1

100 yL-L"1

50 vL

50 yL

25 yL

25 yL'

10 yL-

10 yL-

•L"1

•L"1

•L-1

• L - 1

L-1

L"1

HOl mg-L"1

1.0
0.9

1.2
1.1

1.3

1.0

0.5

NO

Too low

Too low

NO; mg-L"1

3.5
3.3

3.1
3.2

1.0

1.2

0.6

0.7

to estimate

to estimate

Total
(as

4.
4.

4.
4.

2.

2.

1.

0.

! mg-L-1

NOi)

9
5

7
7

8

6

3

7

Calculated tng-L"l

4.96

4.%

2.48

2.48

1.24

1.24

0.62

0.62

The results show an appreciable n i t r i t e content and i t would appear
that hydrogen peroxide is not an ef f ic ient oxidizer in a basic solution.

Ninety cm3 of xenon containing 100 yL-L"1 N02 in xenon was adoed
to flasks containing 5 cm3 of: 5% H202, 2% H202 and 1% H20z (neutral solution)
and shaken for several hours. The results are shown in Table 2.5.4.2.

This work shows that N02 in xenon can be f a i r l y rel iably detected
down to levels of about 25 yg-L"1.
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Table 2.5.4.2

Reaction Between N02 in Xe and Neutral H20 Solutions

90 cm3 of 100 yL-L"1

N02 in Xe +
5 cm3 of 5% H202

90 cm3 of 100 yL-L"1
N02 in Xe +
5 cm3 of 5% H202

90 cm3 of 100 yL-L"1 4.0 4.96
N02 in Xe + 5 cm

3

of 2% H202

90 cm3 of 100 yL-L"1 4.2 4.96
N02 in Xe + 5 cm

3 4.0
of 2% H 20 2

90 cm3 of 100 yL-L-1 4.0 4.96
N02 in Xe + 5 cm

3

of U H 20 2

90 cm3 of 100 yL-L"1 4.0 4.96
N02 in Xe + 5 cm

3

of \% H202

N03 mg-L"1

4.5
4.5

4.0
4.5

Calculated mg-L"1

4.96

4.96
4.96

2.5.5 Assessment of the HNV Model PI 101 Photo Ionizer

- M. Hammerli, W.J. 01 instead

An assessment of the HNV Model PI 101 Photo Ionizer as an analyser for
NO and N02 in inert gas samples has been done.

This detector was found to be capable, of measuring levels of NO and
N02 to about 10 yL-L"

1 in inactive inert gases. No measurements were made of



- 40 -

NO or N02 in radioactive Xe gas since the Model PI 101 detector is not suitable
because of high flows required. The Model PI 52 which has a small internal
volume should be more suitable but the effect of the high radiation fields
produced by 133Xe on the instrument must be examined.

2.5.6 Response of the Copper-Selective Electrode

- J. Gulens, P.K. Leeson

The study of the response of the copper-selective electrode in air-
saturated solutions of varying pH continued. The presence of a solid phase in
solution; initially deduced from the observed electrode response (PR-CMa-58),
was confirmed by light scattering measurements. From the study of the electrode
response as the nature and concentration of the supporting electrolyte and the
concentration of the carbonate in solution were varied, a tentative guess at
the identity of the solid phase was made. The computer program MINEQL II was
able to successfully model the electrode response on the basis of this assumed
identity, adding some validity to the identification.
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2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Thermal Ionization Mass Spectrometry

- L.W. Green, T.H. Longhurst, G.G. Them, N.L. E l l io t

Studies of the factors governing the measurement efficiency for U,
Th, and Pu are continuing. Deposition of a starch-rhenium slurry over the
anion-exchange paper disc after adsorption increased the efficiency for Th
from 1 x 10" s to ^2 x 10'1* and for U from 5 x lO'" to 3 x 10~3. The large
increase is believed to be due to the prevention of sample loss by vaporization.
In the absence of the starch-rhenium deposit, i t is l i ke ly that much of the
sample vaporizes before i t <r.aKe; contact with the filament.

With the increased efficiency i t is possible to perform quantitative
(relat ive standard deviation ^.5%) mass spectrometry on 10 ng of Th. Thus
isotope d i lu t ion mass spectrometry is now being used instead of t i t r imet ry
for the determination of Th in (Th, U)02 fuels.

The effect of F~ on the adsorption of Th(IV) by the anion-exchange
paper was studied and a large effect was observed. In 8M HN03, an increase
in F~ concentration from zero to 5 x 10"2 caused a decrease in the d ist r ibut ion
coeff icient from 50 to 5.

2.6.2 Building 250 Glove Boxes and Hot Cells

- C.H. Knight, B.M. Recoskie, R.M. Cassidy

Eight irradiated U02 fuel -pel le t samples from the Fuel Engineering and
Fuel Materials Branches were dissolved, and the uranium was separated and
puri f ied for mass spectrometric analyses. The results w i l l be used to
calculate fuel burn-up by the U-235 depletion method.

As part of a careful examination of di f ferent burn-up techniques,
twelve irradiated (Th, U)02 fuel elements were recampled under carefully
controlled conditions by the Fuel Materials Branch, and then dissolved in the
hot cel ls . Prior to dissolut ion, the fuel was separated from the sheath by
using a mechanical vibrator. This procedure eliminated the error in the fuel
weighing that was caused by sheath dissolution and shortened the dissolution
time from 24 h to 16 h.

The composition of the undissolved residue from the dissolution of
(Th, U)02 fuels is being studied. In higher burnup fuels this residue has
been determined to be as much as 0.5% of the fue l . Some of this residue has
been collected and is being analysed by y-spectrometry.
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2.6.2.1 Controlled Potential Coulometry

- C.H. Knight, B.M. Recoskie

A total of six samples of unirradiated U/Al/Si fuel have been analysed
for their uranium content. The results, combined with Al and Si concentrations
determined by atomic absorption spectroscopy, have shown excellent agreement
with the expected composition of the alloy.

2.6.2.2 Preparation of Spontaneous Fission Fragment Sources

- C.H. Knight, B.M. Recoskie, L.R. Kilius (University of Toronto)

In collaboration with L.R. Kilius of the University of Toronto five
252Cf spontaneous fission fragment sources were prepared in the glove boxes
in the Building 250 hot cell facility. Quantities from 37to 185 kBq of 2 5 2Cf
were deposited on specially prepared stainless steel mounting disks which were
heated electrically to fix the activity on the disks. The disks were then
mounted in special holders which were shipped to University of Toronto through
the Nuclear Materials Control Branch.

2.6.3 Fuel Analysis

2.6.3.1 (Th, U)02 Fuels

- L.W. Green, C.H. Knight, T.H. Longhurst, B.M. Recoskie

Studies of methods for determining the atom percent fission in
(Th, U)02 fuels are continuing.

The atom percent fission for 5 elements from BDL 417 has been measured
by 3 methods and the results are tabulated in Table 2.6.3.1.1. The experimental
methods have been described previously (PR-CMa-59). The predicted values
were obtained from T. Carter of the Fuel Engineering Branch and were derived
by matching LATREP calculations to calorimetry data.

The results obtained by the standard and short 148Nd methods are
in good agreement (< 2% relative difference) with each other for all 5 elements.
Those obtained by the U isotopic method are consistently higher than those
obtained by the llt8Nb methods although in some cases the difference is not
significant. The high values are likely due to an over estimation of the
fission of 2 3 3U.

The predicted values for the middle and inner ring elements are in
good agreement with the experimental values but those for the outer ring
elements are significantly lower than the corresponding experimental values.
The reason for the discrepancy is not presently known.
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Table 2.6.3.1.1

Atom Percent Fission Values for Elements
from BHL 417 AAX

Fission

Ring

Outer
Outer
Middle
Inner
Inner

2.6.4

2.6.4.1

Element

4
14

i 30
32
36

Predicted

2.16
2.16
1.43
1.15
1.15

Analytical Support for

Routine Analysis

U

(Pu,

Isotopi
Method

2.43
2.39
1.52
1.17
1.15

Th)O2

c Short l l(BNd
Method

2.40
2.35
1.44
1.10
1.13

Pellet Production

Standard l i t8Nd
Method

2.37
2.31
1.44
1.10
1.11

- F.C. Mi l le r , B.W. Hildebrandt, L.G. Shurrock, R.M. Cassidy

The next campaign to produce 1350 (Pu, Th)O2 fuel elements has not
commenced and as a resul t , the analytical laboratory was shut down after
completing the f i s s i l e and f e r t i l e material inventory for the BDL-422
campaign and the analytical work on samples of grinding sludge and other
wastes.

2.6.4.2 Hydrogen in Zirconium Metal

Although the Leco RH-1 hydrogen analysis has been used several times
in the past to analyse various zirconium alloys for hydrogen, no cer t i f ied
zirconium standards were available and titanium standards were used instead.
Recently NBS has issued two Standard Zirconium Reference Materials (SRM #357
and #358) which are cer t i f ied to contain 1 9 + 3 ug-g"1 and 107 ± 3 ljg-g"1 of
hydrogen. These standards and titanium standards were analysed on the RH-1
and Table 2.6.4.2.1 shows that good results were obtained with both standards.



Table 2.6.4.2.1

Result by Iner t Gas Fusion
NBS STD NBS SPEC (yg-g"1) (yg-g"1) (# Determinations)

SRM 352 (T i ) 32 ± 2 3 5 + 3 (12)
SRM 353 (T i ) 98 ± 5 1 0 0 + 3 (15)
SRM 354 (Ti) 215 ± 6 218 ± 6 (14)
SRM 357 (Zr) 19 ± 3 1 7 + 2 (10)
SRM 358 (Zr) 107 ± 3 105 ± 2 (10)

2.6.4.3 Reduction of U(VI) to U(IV) fo r Co-Precipi tat ion wi th Thorium

Work continued on the program out l ined in PR-CMa-59 to develop a
system capable of reducing 300 g quant i t ies of U(VI) to U(IV) by e lec t ro lys is
fo r co-prec ip i ta t ion wi th thorium by the cxalate procedure. I n i t i a l experiments
used a small e lec t ro lys is ce l l w i th a volume o f 35 mL and containing up to 11 g
o f U(VI). The areas under study included the fo l low ing :

(a) Electrodes:- Both platinum f o i l and platinum gauze electrodes (geometric
surface area (48 cm) operated e f f i c i e n t l y and gave complete reduction of the
U(VI) to U(IV) at a ce l l potent ia l of -0.240 vo l ts vs. SCE. A t i tan ium f o i l
e lectrode, which required a more negative potent ia l (-0.600 vol ts vs.SCE), also
produced sat is fac tory resu l t s .

(b) Anode-Cathode Bar r ie rs : - The anode and cathode compartments must be
separated by a bar r ie r to convective mixing to prevent reoxidation of the
U(IV) at the anode. Several types of separators were t r i e d : (1) microporous
polypropylene, (2) s intered glass f r i t (4-8ym), and (3) glass f r i t plus agar
saturated wi th potassium n i t r a t e . The microporous polypropylene worked
s a t i s f a c t o r i l y although at high current density some of the uranium di f fused in to
the anode compartment and was reoxidized. Also, on prolonged use th is bar r ie r
cracked and had to be replaced. The f ine porosity glass f r i t also allowed
some migration of uranium to the anode but otherwise worked extremely wel l
even at high currents. The agar layer added to the glass f r i t became l i qu id
at the temperatures reached during operation at high currents and proved
unsat isfactory. E lect ro lys is without a ba r r ie r , where a s a c r i f i c i a l reductant
is added to prevent reoxidat ion of LJ{IV) at the anode, has been used fo r fue l
reprocessing elsewhere, but the resul ts of tests under our conditions were
unsat is factory.

(c) Oxidation of U(IV) by HNO?: - Some HN02 i s produced i n the cathode ce l l
by e l e c t r o l y t i c reduction of n i t r i c ac id , but tests showed that i t could be
destroyed by the addi t ion of e i ther hydrazine or urea at the 0.1 - 0.2 mol-L"1

l e ve l .
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(d) Acidi ty:- Because U(IV) is more readily hydrolysed than l i (VI), polymeric
hydrolysed U(IV) products w i l l precipitate in the cel l i f the pH of the f inal
solution gets above ^ 1; these hydrolysis reactions are being examined in
more deta i l .

(e) S t i r r i ng : - At high uranium concentrations the rate of s t i r r i ng had no
apparent effect on cell current. Further work in this area is planned.

( f ) Current Efficiency:- By careful control of cel l parameters, a current
efficiency of better than 90% can be obtained. Current efficiency is defined
as the percentage of U{IV) produced per unit time relat ive to that which should
be produced as calculated from Faraday's law.

After the successful completion of the runs on the small electrolysis
c e l l , a large power supply capable of producing 25 A and a cel l capable of
holding 1.5 L of solution was fabricated. A platinum gauze anode was instal led
with the anode compartment isolated by a sintered glass f r i t with a surface
area of 12.5 cm2. A preliminary run wi ;h 80 g of uranium in the cel l was
successful in reducing a l l of the U(VI) to U(IV). However, the maximum
attained current of 5 A was not as high as the cel l was designed to achieve.
Further work with 300 g batches is continuing.

2.6.4.4 Analysis of U(VI) in the Presence of Large Amounts of U(IV)

As part of the program to reduce U(VI) to U(IV) for co-precipitation
with thorium, rapid determination of U(VI) in the presence of large amounts of
LJ(IV) was required. The application of absorption spectroscopy in the vis ible
region looked promising, but the principal absorption peak for U(VI) at 390 nm
is susceptible to a positive interference from a secondary U(IV) peak at 430 nm.
As the amount of dissolved U le f t behind after precipitat ion by oxalate is the
quantity of concern to the process, the bulk of the U(IV) was f i r s t precipitated
with oxalate. The soluble (J(VI) species can then be determined by absorption
spectroscopy at 390 nm. A calibration curve covering the range 1 - 40 mg U(VI)
in a 25 mL volumetric flask obeyed Beer's law and, within certain l im i t s , was
independent of oxalate and acid concentration. Thus i t can be used as a quick
check of complete reduction.
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2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

Dynamically Coated Columns for the Separation of Metal Ions and Anions.

- R.M. Cassidy and S. Elchuk
Analytical Chemistry ( in press) (1982).

2.7.2 Reports

Mass Spectrometric Determination of the Isotopic Composition of
Uranium in Uranium Fuels Used in the Chalk River Research Reactors
and Candu Power Reactors. AECL-7686.

- L.W. Green, C.H. Knight, T.H. Longhurst and I.H. Crocker

The Potential Role of Electrolyt ic Hydrogen in Canada. AECL-7676.

- M. Hammerli

2.8 LECTURES, MEETINGS AND COURSES

2.8.1 Lectures

Application of Liquid Chromatography to the Determination of Inorganic
Cations and Anions

- R.M. Cassidy
Ottawa Liquid Chromatography Discussion Group
1982 March 10 •

2.8.2 Meetings

I.H. Crocker - attended the 1992 Pittsburgh bonf^retice .*nd Exposition
on Analyt ical Chemistry and Applied Spectrow ;>y . t-:>artic City,
1982 March 07-12.

M. Hammerli - attended and parh'cipated in ' :h. wcdi.tm? for Hydrogen
and Electrochemical Systems" workshop, Torunti. 1982 February 14, 15 and
16. •
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M. Hammerii - attended and co-chaired one of the technical sessions
at the ACS Polymer Division workshop, Orlando, 1982 February 23-26.

S. Elchuk - attended meeting of Ottawa Liquid Chromatography Discussion
Group, Ottawa, 1982 March 10.

R.M. Cassidy - attended meeting of Ottawa Liquid Chromatography Discussion
Group and had discussions with J. Lawrence, Health & Welfare Laboratories;
and with R. Sturgeon, NRC Laboratories, Ottawa, 1982 February 10.

J. Guier:; - attended executive meeting of Electrochemical Society,
Ontario-Quebec Section, 1982 February 18; and attended a symposium on
"Electrochemical Systems for Energy Conversion", Toronto, 1982 February 19.

M. Hammerii - held discussions with Mr. A.K. Stuart and Dr. R.L. LeRoy
and attended meeting of the National Organizing Committee for the
5th World Hydrogen Energy Conference, Toronto, 1982 February 04-05.

M. Hammerli - held discussions with Drs. J.B. Taylor, D.M. Wiles and
E.P. Cockshutt regarding the Federal Hydrogen Program, Ottawa,
1982 March 04-05.

M. Hanmerli - held discussions with Drs. D.M. Wiles and J. Alderson
and Mr. 0. Kutowy regarding the Federal Hydrogen Program, Ottawa,
1982 March 16.
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3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- R.G. Macdonald and O.A. Mi l ler

(a) Low Dose Radiolysis of NQ-OQ Mixtures

The measurements of the total concentration of NO and NO2 formed in the
low dose radiolysis of Ng-02 mixtures have been completed. Several new measure-
ments on the 9.3 and 95.1 mole°iN2 mixtures were carried out and were in
agreement with previous results (PR-CMa-59, AECL-76O7). The data were analyzed
as described previously (PR-CMa-59, AECL-76O7) and the f inal results are
presented in Table 3.2.1.1 These results have been corrected for the response
of the Phi l ip 's NO/NO2 analyzer to changing gas composition. This correction,
which varies from 1.068 for the 9.3% N2 mixture to 0.9853 for the 95.1% N2
mixture, results from the difference in quenching eff iciency of electronically
excited NO2 by O2 and N2 (1).

There is a definite decrease in the derived y ie ld of N atoms G(N) (see
Table 3.2.1.1), as the O2 concentration in the mixture decreases, which is due
to the loss of N atoms by the following reactions:

[1] N + N + M + N2 + M

[2] N + NO - N2 + 0

[3] N + N02 •+ N20 + 0

For the lowest % O2 mixtures the largest loss of N atoms is due to recombination,
Reaction [1 ] . Because of the th i rd order nature of Reaction [1] no simple
expression has yet been derived which accounts for the loss of N atoms by a l l
3 reactions. A plot of G(N) vs. mole % N2 gives a straight l ine . At zero mole %
N2 this l ine gives an extrapolated value of G(N) = 7.6. This extrapolation
corresponds to N2 i n f i n i t e l y di lute in O2. Under these conditions there are
no loss mechanisms for N atoms other than the raaction with O2. Computer
calculations of the gas composition w i l l be necessary to assess the re l i ab i l i t y
of th is extrapolation to give G(N). The extrapolated value for the total y ie ld
of N(4s, 2D and 2P), G(N) = 7.6, is larger than a calculated value of 6.4 ± 1
based on cross section measurements of neutral dissociation (2) and ionization
yields (3).

(1) K. Schofield, J. Quant. Spectrosc. Radiat. Transfer, 1_7, 13 (1977).
(2) H.F. Winters, J. Chem. Phys. 44., 1472 (1966).
(3) C. Wi l l is and A.W. Boyd, In t . J. Radiat. Phys. Chem. 8, 71 (1976).
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Table 3.2.1.1

The total y ie ld of N atoms (H, 2Q, 2P)» S(N),
from the radiolysis of No-Oo mixtures at 300 K
and 101 kPa.

02
mol %

90.7
82.6
51.3
31.0
21.1
10.2
4.94

N2
mol %

9.3
17.4
48.7
69.0
78.9
89.8
95.1

G(N

7.
6.
5.
6.
5.
5.
4.

1)

7
7
6
0
4
0
4

3.2.2 Radiolysis of Liquid Systems

(a) Radiolysis of Liquid Hater at Low Dose Rates

- J.W. Fletcher

There has been considerable interest (1) in developing an accurate absorbed
radiation dose calorimeter using water. In order to relate the temperature rise
to the absorbed dose, the energy balance of the overall chemistry of the system
must be known. The radiolysis products and thei r yields are affected by dose
rate, total absorbed dose and the solutes present. These product yields can
be calculated using well established (2) i n i t i a l y ie ld and rate constant data
for reactions between the radicals and their products. The complex reaction
scheme, involving up to th i r t y equations, was modelled using the computer code
MAK5IMA-CHEMIST (3) developed at the Research Company.

The radiation product yields have been calculated as a function of dose
rate and total absorbed dose, in pure water (H2O) and in the presence of mill imolar
concentrations of the radiation products oxygen (O2), hydrogen (H2) and hydrogen
peroxide (H202). separately and in combination with each other. In pure H?0 or
with added O9 or H2 the overall chemical reactions are endothermic. This leads
to a smaller'observed temperature change than would be calculated from the total
absorbed dose and must be corrected for. The correction extrapolated to zero
dose is *.87%, 3.3% and 2.75% for pure H2O, added 02andH2, respectively. The
magnitude of the correction decreases with an increase in absorbed dose and is
less than 1% over 10, 1,000, and 2 rad, respectively, for the above solutions.
I f both H2 and O2 are present, the overall chemical reactions are exothermic
and the zero dose correction is 2.62%. The presence of H2O2 leads to a net
exothermicity with a zero dose correction of 4.65%. A further contribution
from the Haber-Weiss (4) chain reaction could lead to an overall correction
of the order of 10%.
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The addition of H? and H2O2 leads to a chain reaction as noted by
Hochanadel (5). The chain propagation steps are reactions [1] and [2 ] ,

[1] H + H202 •* OH + H20

[2] OH + H2 •+ H + H20

Termination is by reactions [ 3 ] , [4] and [5J.

[3] H + H + H2

[4] OH + H£02 + H02 + H20

[5] H02 + H -v H202

The chain y i e l d is a complex function of dose rate and H2 and H?02 concentration.
A maximum y ie l d is observed with excess H2 over H2O2. This maximum can be
defined by equation [6 ] .

fi<Wcha1n -

1/2 1/4

where 6(R) is the radical y i e ld and l& is the dose rate in units of
100 eV-mol/(L-s-mo1ecule).

The chain yields are given in Table 3.2.2.1 for a H2 concentration of
3 x 10~3 mol/L and a range of dose rates

Table 3.2.

Hydrogen Peroxide

[H2] = 3 x 10"3

Dose

1 X
1 X
1 X
1 X

Rate

1 0 ^

1018
1019

2.1

Chain Yield

mol*L"l

G(H202)
Chain

547
307
173
97
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A G(H202)Cnain °^ 23 would double the calorimeter sensi t iv i ty . At low
dose rates a greater than tenfold increase in the calorimeter sensi t iv i ty
has been calculated. Experiments have been undertaken to check the reproducibil i ty
of the chain and, in turn, i t s usefulness in a calorimeter at low dose rates.

In order to use l iquid water as an accurate absorbed dose calorimeter the
impurities in the water must be known, so that the magnitude of the required
corrections can be calculated. Further, more detai led, calculations are
continuing in order to obtain a better understanding of the required corrections
at various dose rates, absorbed dose and with various additives. A complete
knowledge of the chemistry should allow s t i l l other aqueous systems to be
chosen which would increase the sensi t iv i ty of the water calorimeter, while
s t i l l giving consistent results.

(1) (a) S.R. Domen, J. Res. Nat. Bur. Stan. (U.S.) in press, 1982.
(b) S.R. Domen, Med. Phys. 7., 157 (1980).

(2) A.B. Ross, National Standard Reference Data System, NBS 43 (1973),
NBS 43S (1975), NBS 51 (1975), NBS 59 (1977).

(3) M.B. Carver and A.W. Boyd, In t . J. Chem. Kin. JJ_, 1097 (1979);
A.W. Boyd, M.B. Carver and R.S. Dixon, Rad. Phys. Chem. 15, 177 (1980).

(4) J . Weinstein and B. B ie lsk i , J. Amer. Chem. Soc. J01., 58T1979).
(5) C.J. Hochanadels Rad. Res. ]7_, 286 (1962), J. Phys. Chem. 56., 587 (1952).

(b) Determination of I n i t i a l G-values in Water Irradiated at 118°C

A.J. E l l i o t and F.C. Sopchyshyn

( i ) Radiolysis of Degassed Solutions Containing Sodium Nitrate and
Formate

The results obtained to date are summarized in Figure 3.2.2.1 and Table 3.2.2.2.
The n i t r i t e y ie ld data obtained at room temperature, when extrapolated to zero dose,
agree well with the data reported in reference (1) and shown by the triangles
in Figure 3.2.2.1. The n i t r i t e y i e l d , which can be equated to the y ie ld of
solvated electrons, increases for irradiations at 118OC. This increase may
ref lect a real increase in the electron y ie ld or may ref lect more ef f ic ient
scavenging in the spur by the formate and ni t rate ions. There was no difference
between the hydrogen peroxide y ie ld for the two temperatures (Table 3.2.2.2).
The hydrogen yields also showed no dependence on the temperature of i r rad iat ion.

To test the effect of ionic strength on the radiolysis reactions, 0.2 mol-L"1

sodium sulphate was added to a solution containing 2.5 x 10~3 mol«L-l sodium
nitrate and 5.0 x 10~3 mol-L~l sodium formate. (The ionic strength of this
solution was comparable to a solution containing 2.5 x 10~3 mol-L-1 sodium
ni t rate and 0.5 mol-L~1 sodium formate.) Increasing the ionic strength
did not change the n i t r i t e yields (sol id points' in Figure 3.2.2.1) or hydrogen
yie lds. However,the hydrogen peroxide y ie ld may be s l ight ly lower (Table 3.2.2.2).

( i i ) Radiolysis of Oxygen Saturated Formate Solutions

To measure the total radical yields of water irradiated at room temperature
and 118°C, oxygen-saturated sodium formate solutions were irradiated. Under
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these conditions, all the free radicals scavenged were converted to hydrogen
peroxide.

[1] OH + HCOO'

[2] H + HCOO-

+ H20

[3] H

[4] e-

[5] C0

[6]

The radical yield is calculated as twice the difference between the
measured hydrogen peroxide yield and the molecular hydrogen peroxide yield.
The molecular hydrogen peroxide yield for the different sodium formate
concentrations was taken to be the peroxide yields in Table 3.2.2.2 when the
nitrate concentration was 2.5 x 10~3 mol-L-1. The measured hydrogen peroxide
yields and the calculated radical yields are tabulated in Table 3.2.2.3.
Within experimental errors, the individual results indicate no significant
difference in the radical yields at 118°C compared to those at room temperature.
However, when considered as a group, there probably is an increased yield at
118°C for all but the highest formate concentration.

(1) Z.D. Draganic" and I.G. DraganiC, J. Phys. Cnem. TT_. 765 (1973).

Table 3.2.2.2

G(H202) from y-Irradiated Solutions Containing
Sodium Nitrate and Formate

[Sodium Formate]
(mol-L-1)

5X10"1

5x10-2

5xlO"3

5xl0"3

(+0.2 mol-L"1

Na2S0.)

2

0
±0

.9 x
20°C

.43

.05

10-4
118°C

0.43
±0.05

[NaN03](m«
2.5 x

^ 20°C

0.27
±0.07

0.54
±0.06

0.53
±0.09

0.40
±0.09

31-L;')
10-3
118OC

0.22
±0.06

0.47
±0.06

0.56
±0.05

0.42
±0.02

2.5 x
•x. 20°C

0.65
±0.05

10-2
118°C

0.06
±0.05
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Table 3.2.2.3

G(H202) and G(Radical) from Irradiated
Oxygen/Sodium Formate Solutions

[Sodium Formate] G(H202,
(mol-L"1) ^20°C

1

6,

5,

5.

.O8xlO-3

.2 xlO"3

.0 xlO"2

.4 xlO'1

(c) F

3.76+0.08

3.72+0.08

3.97+0.08

3.98+0.08

'hotolysis of Stearic

- A.J. E l l i o t

)
118°C

4.05+0.08

3.99+0.07

4.17+0.05

3.99+0.07

6

6

6

7

Acid Monolayers

^20°

.46+0

.38+0

.82+0

.42+0

GiRa<
C

.34

.34

.28

.30

iical)

7.

6.

7.

7.

118OC

00+0.26

86+0.24

40+0.22

54+0.26

Op* Oo _pn 2
Expanded stearic acid monolayers (area per molecule <v 35 A , 1 A = 10 m )

have been photolysed at the air-water interface. The pH of the aqueous sub-phase
was varied from 2.15 to 8.75 using perchloric acid, phosphate or borate buffer.
The protocol for the experiment was to spread a 1.5 x 10-3 mol-L~l stearic
acid - benzene solution onto the water surface, allow f ive minutes for the
benzene to evaporate and then commence the photolysis. On completion of the
photolysis, the surface pressure (TT) - area per molecule (a) (denoted as Tr-a)
of the monolayer was recorded. To check the rate of dissolution of stearic
acid into the sub-phase, the monolayers were l e f t expanded for varying lengths
of time before recording the Tr-a isotherm. Dissolution was observed at pH 8.75
as can be seen in Figure 3.2.2.2 by the displacement, to lower area per
molecule values, of the isotherm given by (X) (60 minute standing), from the
isotherm given by (+) (5 minute standing). At pH 6.9 and below there was no
evidence of dissolution of the monolayer for the 90 minute test period. A l l
photolysed monolayers showed a displacement of the isotherm to a lower area
per molecule. An example of this can be seen in Figure 3.2.2.2 by the isotherm
given by the squares. Photolysis products enter the aqueous sub-phase. The
UV spectra are shown in Figure 3.2.2.3 for photolyses carried out at di f ferent
pHs. Hydrogen ions are also generated during the photolysis as the pH of an
unbuffered sub-phase drops from pH ^ 3 to ^ 4 on photolysis for an hour. This
suggests that formic or oxalic acid may be formed. The number of hydrogen
ions generated is greater than the number of stearic acid molecules spread.
This implies that secondary photolysis of products either s t i l l held in the
monolayer or dissolved in the sub-phase is occurring. Hence the isotherm
recorded after photolysis is probably of a mixed monolayer which complicates
any determination of kinet ics.

* 1 X = 0.1nm
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Figure 3.2.2.2 - The 7r-a isotherms of stearic acid recorded at pH 8.75: (+)
after 5 minute standing; (X) after 60 minute standing: (O)
5 minute standing plus 60 minute photolysis (1 dyne = 10 uN
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Figure 3.2,2.3 - The UV spectra of the aqueous sub-phases after 60 minute
photolysis of an expanded stearic acid nionolayer at pH 2.1
(curve 1), pH % 4-5 (curve 2) and pH 8.75 (curve 3).
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3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation

- D.K. Evans, R.D. McAlpine, H.M. Adams and J.W. Goodale

(a) The Multiphoton Decomposition of CĤ NH?

The infra-red absorption spectra of CH3NHD, CH3ND2 and CH3NH2 were
obtained using a model 7100 Fourier-transform infra-red spectrometer at
McMaster University. The spectrum of CH3NHD could only be obtained on an
instrument with the ab i l i t y to store and subtract spectra because of the
exchange reaction:

CH3NH2 + CH3ND2 e=^2CH3NHD

Spectra of pure samples of CH3NH2 and CH3ND2, and of an equimolar mixture
of CH3NH2 and CH3ND2 were recorded. The exchange reaction gave a mixture
concentration rat io of CH3NH2:CH3NHD:CH3ND2 = 1:2:1. The spectra of the pure
isotopic species were subtracted leaving the spectrum of CH3NHD. There is
overlap of the CH3NH2 and CH3NHD spectra in the COo laser region and comparison
of these spectra showed that the CO2 laser 9P(18) Tine would be the best
choice for an isotopical ly selective decomposition experiment. This was
done for a mixture of CH3NH2:CH3NH2 = 1:10 which ensured very l i t t l e CH3ND2
was present af ter exchange. The product D/H rat io showed very l i t t l e difference
from that of the start ing material indicating that no isotopic enrichment was
obtained. Other spectral regions than those available with a 2̂CO2 laser might
provide isotopical ly selective decomposition and when a laser operating on
•3c02 is available such selective decomposition experiments may be attempted.

(b) The Multiphoton Decomposition (MPD) of Methanol

The MPD of methanol was studied in this laboratory and elsewhere (2,3).
Differences in measured product ratios were reported; but comparisons between
these various studies were complicated by the di f ferent experimental conditions
used. In part icular quite di f ferent product ratios involving CH4 were reported
for very small (^ 1%) changes in laser pump frequency. This difference is
d i f f i c u l t to explain in terms of current understanding of MPD.

We have begun careful studies to measure depletions of CH3OH and product
yields (molecules/pulse/kPa) as a function of laser pulse energy, intensity and
methanol pressure, for the CO2 laser lines used in the previous studies (2,3)
[9P(18), 9P(20) and 9P(34)]. The results of these studies are being compared
to the previous work which also included HF laser induced MPD (1,3).

Preliminary analysis for the 9P(18), 9P(20) and 9P(34) experiments show
l i t t l e change with CH3OH pressure for depletion at each laser in tensi ty , but
there are changes in product rat ios.

1) R.D. McAlpine, D.K. Evans, F.K. McClusky, Chem. Phys. 39, 263 (1979).
?* S.E. Bialkowski and W.A. Gui l lory, J . Chem. Phys. 67, 2061 (1977).
3) R. Bhatnagar, P.E. Dyer and G.A. Oldershaw, Chem. Phys. Letts. 6J_, 339 (1979).
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3.3.2 Laser Magnetic Resonance

- D.R. Smith, J.S. Geiger and C. Brown, wi th A. Carrington (Univers i ty
of Southampton)

Our study o f the radical NHD (X2A")(0,0,0) has continued and data have
now been obtained at 145.6617 and 374.0861 jjm. Data analysis has led to the
assignments shown in Table 3 . 3 . 2 . 1 , w i th tha t at 170.5764 pm being t e n t a t i v e .

Wavelength
ym

129.5497

145.6617

170.5764

211.2629

374.0861

Table 3.3 . 2 . 1

Assigned Rotational Trans i t ion

J22 ^ 1 1 ' ,

220 *• h]' F;

5 2 4 •* 5 1 5 ' F"
-3 . 0 C
*]3 ^ 0 2 ' r l

4 13 *" 3 2 2 ' F l

1 ^ 2

| - F 1

, +• F, and F« +• F«

! ^ F 1

A l e t t e r , fo r submission to Chemical Physics L e t t e r s , has been prepared,
based on the 211 and 374 pm data. Table 3.3.2.2 summarizes the t r a n s i t i o n
assignments.

3.3.3 V o l a t i l e Molecules of Heavy Elements: Approaches to Laser Separation
of Zirconium Isotopes

- Contract research by M.J. McGlinchey, Department of Chemistry,
McMaster Univers i ty

3.4 HYDROGEN-WATER EXCHANGE

3.4.1 Kinet ic Studies o f the Isr tope Exchange Between Hydrogen and Water

- J.P. Bu t l e r , J . den Hartog, F.W.R. Molson, J.H. Rolston, L.M. Paterson
and K.L. Gale
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Table 3.3.2.2

Observed and Calculated LMR Transit ion Fields
(Laser Wavelengths 374.086 and 211.263 pm)

Zeeman Components Observed Field Obs. - Calc.
M J ' . M J " (10-4 T) (MHz)

413'F1 *~ 322>F1 ( L a s e r wavelength 374.086 ym)

5/2,
3/2,
1/2,
1/2,
3/2,
7/2,
5/2,
5/2,
3/2,

7/2,
5/2,
3/2,
1/2,
1/2,

7/2
5/2
3/2
1/2
-1/2
5/2
3/2
-3/2
1/2

7/2
5/2
3/2
1/2
-1/2

783+4
903+3

1082+3
1373+3
1929+3
2123±3
2683+3
3456+3
4084+4

1142+3
1324±3
1642+3
2238±3
3727±3

313'F1 "" 2O2'F l ( L a s e r Wavelength 211.263 ym)

5/2, 3/2
3/2, 1/2
1/2, -1/2

-1 /2 , -3/2
-3 /2 , -5/2

3/2, 3/2
1/2, 1/2

-1 /2 , -1/2

313'F2 *" 202>F2

5/2, 3/2
3/2, 1/2
1/2, -1/2

690±3
767±3
894±3

1108±4
1527+5

1412±3
1935±4
3426±4

1264+3
2072±4
4750±25

98.1
97.7
98.2
98.7
98.9
96.6
97.7
99.7
98.3

98.9
97.8
99.4
98.4
99.4

-205.3
-267.1
-267.2
-266.9
-266.7

-266.4
-266.8
-266.5

-267.4
-268.0

^-268

N.B. Magnetic f i e ld values were calibrated by means of proton magnetic
resonance.
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3.4.2 X-Ray and UV Photoelectron Spectroscop.y

- P.R. Norton and P.E. Bindner

Work on the new sample mounting method for thermal desorption spectroscopy
(TDS) has been successfully completed. I t is now possible to obtain background-
free high resolution TD spectra at a wide range of heating rates.

The Kelvin work function probe has been successfully remounted and a new
preamplifier tested. This preamplifier (designed by E.B. Selkirk) allows
the vibrating reference electrode to be independently floated at voltages
in the range -2 to +2 volts. This capability eliminates the position
sensi t iv i ty of the nul l by cancelling out signals which result from stray
capacitance.

Work has commenced on a study of the oxidation of CO adsorbed on Pt(100)
to complement work carried out at the University of Munich during 1980-81. I t
is planned to investigate the conditions under which osci l lat ions in the work
function occur during CO oxidation, in preparation for carrying out a parallel
investigation by Rutherford backscattering and nuclear microanalysis.

During the period, two Pt(lOO) samples were repolished and the orientation
rechecked. Both were within 1° of the desired <100> orientation.

3.4.3 Studies of the (110) Surface of Monocrystalline Au

3.4.4 Surface Preparation of a Faceted (111) Pt Single Crystal and Preliminary
Measurement

3.4.5 A New UHV Manipulator for Crystal Processing

Authors of the above sections are:

P.R. Norton, in collaboration with T.E. Jackman, J.A. Davies, D.P. Jackson,
C.W. S i t ter (Solid State Science Branch) and W.N. Unertl (University of Maine),
see Solid State Science Branch, sections 1.3.1 to 1.3.3.

3.5 ISOTOPE CHEMISTRY

3.5.1 Deuterium Exchange Between Fluoroform (CF3H) and Water

- E.A. Symons and J.D. Bonnett
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3.5.2 Isotopic Exchange Reactions in Protic Solvents

- J.D. Halliday and S. Padamshi

(a) T^N Quadrupolar Spin Relaxation in Amines

The N spin relaxation times (iq) in methylamine and dimethy1 amine have
already been measured by NMR and used to assist in the analysis of amino
proton exchange rates constants in these solvents (PR-CMa-59, AECL-7607).
These Tq values will be incorporated into a study of structural effects on
l^N spin relaxation in amines. To complete this work trimethyl amine and the
methyl-, dimethyl-, and trimethyl-substituted ammonium chlorides in aqueous
solution are being investigated.

The effects of N spin relaxation in trimethylamine, since it has no
amino proton, must be observed through two bond couplings to the methyl protons.
This type of coupling ( J H C ^ N = 0.7 Hz) (1) in methylamine is very significantly
reduced relative to coupling observed with protons attached directly to the
nitrogen (JH14N = 46.7 Hz) (1) and should be of a comparable magnitude for
trimethyl amine. However, no I^N quadrupolar effects have been observed in the
lH trimethylamine spectrum. The methyl resonance of the neat trimethylamine is
a relatively broad singlet over the entire temperature range studied (-26.4 to
80.4°C) with a linewidth that changed from 2.7 Hz at the lowest temperature to
1.2 Hz at the highest. This is opposite to what would be expected for ̂ H
quadrupolar effects but is consistent with line broadening dominated by inter-
molecular association in solution. Consequently, no ̂ H xq values can be
determined for the amine from the ̂ H NMR data.

Aqueous solutions of the substituted ammonium salts are more amenable to
investigation once the solutions are acidified with HC1 to reduce the rate of
ammonium ion proton exchange. Figure 3.5.2.1 shows the proton NMR spectra for
methyl, dimethyl, and trimethyl-ammonium ions in 6N HC1 at 49.2OC. The effect
of asymmetry at the nitrogen nucleus is quite pronounced in these spectra, as
evidenced by the different linewidths for each compound. The 1*N spin
relaxation time shortens with the introduction of each methyl group showing a
broadening of the triplet through the partial decoupling of the 14N. Methyl
proton spin coupling is also visible in the methyl ammonium spectrum. The
water line partially obscures the dimethyl ammonium spectrum. The 14N coupling
constants obtained are given in Table 3.5.2.1 for these compounds.

14 -H and H1 4

CH3NH3

(CH3)2NH2

(CH3)3NH

Table 3.

N-C-H Coupling
Ammonium

HH14N(Hz)

52.73

53.64

53.81

5.2.1

Constants in S
Ions

J H l '

6,

5.

5.

*NCH(Hz)

.18

.69

,19



300

100 200 300 400 500 600 700 800
CHANNEL NUMBER

1.Figure 3.5.2.1 - H NMR spectra of acidi f ied aqueous solutions of a) mono-
methylammonium chloride, b) dimethyl ammonium chloride, and
c) trimethylammonium chloride at 49.2°C showing the effect
of 14-N quadrupolar spin relaxation on the ammonium protons.
Scale calibration is 0.058 Hz/channel in the Nicolet 1174
Signal Averager.

(1) J.D. Halliday and P.E. Bindner, J. Phys. Chem. 83, 1829 (1979).

(b) Digital Curve Deconvolution

A d ig i ta l curve deconvolution program has been obtained from the Research
Chemistry Branch, WNRE. I t is written in Fortran to handle optical emission
and absorption, NMR, and ESCA spectra with symmetric Gaussian, asymmetric
Gaussian, Lorentzian, and Gaussian-Lorentzian band types. I t allows for
baseline corrections which range from none through l inear, quadratic,
exponential, and simple power law expressions. The program has been debugged
to operate for Lorentzian lineshapes on the CRNL Cyber 175/6600 computer. The
output consists of the f i t t ed l ine parameters and the peak areas, both with
errors, and a plot showing the original digit ized spectrum, the f i t t ed
envelope, and each deconvoluted curve.
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3.5.3 Separation Factors for Deuterium Exchange Between Hydrogen and Ethanol

- J.H. Rolston and K.L. Gale

The magnitude of the deuterium-protium separation factor a [a = (D/H)i_lQ *
(D/H)GASJ between hydrogen and methanol at 25°C is 13* higher than that for
hydrogen and water, indicating a is relat ively insensitive to changes in the
molecular environment of the hydroxyl group. A similar conclusion was reached
from a values measured between several substituted mercaptans and water (1)-
However no systematic investigation of the effect of molecular structure on a
over a homologous series of alcohols has been reported. In addition direct
calculation of the relevant equi l ibr ia involved in the exchange becomes
d i f f i c u l t with increasing molecular complexity and i t is necessary to rely
more heavily on direct experimental determinations. Accordingly the temperature
dependence of a for the C2H5OH-HD system has been measured between -30 and
75°C using the techniques previously described for methanol (PR-CMa-45,
AECL-6327). A least squares analysis of the data indicates a can be calculated
to within ± 1% from equation [1]> in which T is the absolute temperature. At
25OC this equation reveals that a(C2H50H) is 2.6% lower than a(CH30H) and
is 4.7% higher than that obtained for the deuterated methanol.

m £n a = .0.9252 + SLUM . 3 2 ^ 4

T r

(1) K. I . Sakodynskii, S . I . Babov and N.M. Zhavoronskii, Dokl. Acad. Nauk,
SSSR, 121, 565 (1959).

3.6 REPORTS, PUBLICATIONS, PATENTS AND LECTURES

3.6.1 Publications

Ultra-High Vacuum Apparatus for Combined LEED, Auger, MeV Ion Scattering and
Nuclear Microanalysis
- C. S i t te r , J.A. Davies, T.E. Jackman and P.R. Norton
Rev. of Scient i f ic Instruments

Current Status of Isotope Separation Methods for Hydrogen and Elements in the
Middle Mass Range
- P.A. Hackett, J.D. Navrat i l , D.R. Smith and C. Whitehead
Atomic Energy Review, Supplement No. 2 (1981), pp. 249-254 (IAEA, Vienna, 1981)
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3.6.2 Lectures

The Free Fadical Chemistry of Organosulphur Compounds
- A.J. E l l io t
Chemistry & Materials Divisional Seminar, CRNL, 1982 February 9

Separation Isotopique par Laser
- D.K. Evans
Laval University, Quebec City, Quebec, 1982 March 19

Laser Isotope Separation of Deuterium

- D.K. Evans

York University, Toronto, Ontario, 1982 February 18

McMaster University, Hamilton, Ontario, 1982 February 19

Infrared Laser Photochemistry of Small Molecules
- D.K. Evans
National Research Council of Canada, Ottawa, Ontario, 1982 February 16
Laser Isotope Separation
- D.K. Evans
University of Western Ontario, Dept. of Physics, London, Ontario, 1982 February 17

Laser Isotope Separation for Isotopes of Hydrogen
- R.D. McAlpine and D.K. Evans
American Chemical Society National Meeting, Las Vegas, Nevada, 1982 March 31

Surface Science and Catalysis
- P.R. Norton

University of Guelpli, Guelph, Ontario, 1982 March 17

University of Liverpool, Department of Chemistry, Liverpool, England,
1982 January 14

Surface Science and Catalysis: Oscillations in the Catalytic Oxidation of CO
- P.R. Norton
University of Toronto, Department of Chemistry, Toronto, Ontario, 1982 February 16

A Video-LEED Study of CO on Pt(lOO): Absorption, Desorption and Reconstruction
- P.A. Thie l , R.J. Behm, P.R. Norton and G. Ert l
ACS, "Surface Science of Catalysis"Symposium, Las Vegas, Nevada, 1982 March 28-
April 2

Isotope Effects Relating to Exchange Between Hydrogen and Water
- J.H. Rolston
Chemistry & Materials Divisional Seminar, CRNL, 1982 March 9
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4.2 SURFACE CHEMISTRY

4.2.1 Environmentally Induced Cracking

(a) Gaseous Hydrogen Cracking

- B. Cox and V.C. Ling (with C.E. Coleman, Metallurgical Engineering
Branch)

Experiments at 350 K have shown a higher stage II crack velocity than at
293 l', with a similar apparent value of Kj H (Figure 4.2.1.1). Long exposure of
the specimens, however, shows the appearance of a second plateau at a velocity
of ^ 4 x 10"9 m.sT1. This is believed to be caused by the same internal hydride
cracking process which was responsible for the cracking of pressure tubes in the
Pickering Generating Station. Although the stage II crack velocity for this
second plateau is somewhat higher than that observed on pressure tube material
cracking by the delayed hydride cracking mechanism (1,2), this may be the result
of the very different structure of the Zr-2.5 wt% Nb slab from which our
specimens are machined.

At 423 K, only limited crack growth was obtained at high K values. The
crack then stopped but continued when the temperature was reduced to 350 K.
Since this first 423 K experiment we have experienced great difficulty getting
cracks to initiate; very long incubation times appear to be involved, which have
prevented further controlled experiments. It has not even proved possible to
initiate cracks with iodine. It is believed that some contaminant introduced
when the system was modified for elevated temperature experiments is responsible,
but it has not yet been identified. Whatever the contaminant is,it seems to be
a very potent inhibitor, and might prove to be useful once identified.

(b) Cesium/Cadmium Vapour Embrittlement

- B. Cox and R. Haddad

A similar study of crack initiation sites induced by Cs-5% Cd vapour
mixtures has been started for comparison with the previous studies in iodine
(PR-CMa-59 (AECL-7607), Section 4.2.1(b)). Large numbers of initiation sites,
and one or more large cracks, can be produced at 573 K, after holding for
^ 15 min in an unstressed state, by a single stress cycle lasting only a few
seconds. Considerable surface reaction was also evident. No initiation sites
were produced by exposure to Cs/Cd in the absence of at least one stress cycle.
For these experiments, the specimens consisted of 10 cm long ampoules of the
batch of Zircaloy fuel cladding of interest with the cesium ampoule and the
cadmium sealed inside. This geometry was adopted because of the inflammability
of cesium and the toxicity of cadmium vapour, and it is expected to give the
same stress distribution (in the stressed area) as was applied to the short open
rings exposed in iodine.

The small initiation sites were about equal to the average grain size in
dimensions, and were purely transgranular in appearance. They appear identical
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Figure 4.2.1.1 Crack velocity vs. stress intensity curves for 293 K and 350 K.
(1 atm = 101.325 kPa).



- 71 -

to those observed in iodine, and show no evidence of second phase particles or
any local chemical inhomogeneity. It is thought that the initiation sites are
dictated entirely by local metallurgical factors such as grain orientation and
differential internal stresses between adjacent grains. The rapid propagation
of these cracks during a single stress cycle suggests that the incubation times
associated with statically loaded tests (3) were related to a surface reaction
process which led to intimate contact between Cs/Cd and the zirconium alloy, and
that, if this intimate contact had been achieved prior to stressing the
specimens, immediate crack propagation would have ensued. Thus, embrittlement
by Cs/Cd vapour seems to have many of the features found to be typical of liquid
metal embrittlement in zirconium alloys (4). The similarity between the kinetics
of Cs/Cd cracking and I2 cracking which appeared following the static tests (3)
is now seen to be less than was at first supposed.

(1) C.E. Coleman and J.F.R. Ambler, ASTM-STP-633 (1977) p.589.
(2) L.A. Simpson and K. Muttall, ASTM-STP-633 (1977) p.608.
(3) B. Cox, B.A. Surette and J.C. Wood, Proc. of Conf. on Env. Degradation

of Engineering Materials in Aggressive Environments, Blacksburg, Va.,
1981, Eds. Louthan, McNitt and Sisson, Jr., p.293.

(4) B. Cox, Atomic Energy of Canada Ltd., Report AECL-361T: (1970).

4.2.2 Oxidation of Zirconium Intermetallics

- B. Cox (with R. Davidson, System Materials Branch)

The oxidation of many commercial zirconium alloys (the Zircaloys, ATR,
TJR, and the French Zr-2.6% Cu, but not Zr-2.5% Nb) is profoundly influenced by
the oxidation behaviour of precipitated intermetallic phases. In Zircaloy-2, we
have been able to examine some features of this behaviour by aqueous electro-
chemical techniques, because of the characteristic polarographic peaks for the
reduction of iron oxides (1). We were able to show that on iron containing
intermetallics a thin ZrO2 film is first formed and that iron diffuses out
through this to form a layer of iron oxide at the environment/ZrC>2 interface.
Because no characteristic electrochemical technique was available for chromium
or nickel, a complete study of the alloying elements in Zircaloy-2 was not
possible; nor was it possible to study the alloying elements in the other alloys
(Cu, Mo, W) by this technique. The advent of the Scanning Auger Microprobe
(SAM) at CRNL provides a technique to study all of these elements at the resolu-
tion necessary for examining thin oxide films.

We have started a programme to examine the oxidation behaviour of
intermetallic phases. Small ingots of ZrCu were melted by J. Watters in the
non-consumable arc melter, sliced with a diamond saw and prepared by mechanical
polishing and pickling in nitric/hydrofluoric acids. Specimens were oxidized by
anodizing in 1 mol.L"' sulphuric acid or in air at 573 K. SAM analysis showed
that a thin air-formed oxide film consisting of ZrO2, with no detectable copper,
was formed initially. The air-formed film on pickled surfaces was slightly
thicker than that formed on unalloyed zirconium, and appeared to be about 5 nm
thick. On mechanically polished surfaces (0.25 urn diamond) a ZrO2 film was
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also present but i t s thickness could not be easily estimated because the scale
of the surface roughness was large compared with the oxide thickness. ZrCu did
not form good barrier layer anodic oxides in H2SO4. After forming a reasonably
coherent oxide ^ 25 nm thick at constant current, the oxide was transformed to a
gray porous f i lm, and the voltage drop across the oxide did not exceed a few
vol ts. During thermal oxidation, a uniform interference colour oxide grew to
^ 25 nm, but beyond th is, i t became uneven (and probably porous) turning grey
after a maximum interference colour thickness of < 100 nm. SAM analysis of a 25
nm thermal oxide showed that i t was entirely ZrO2, with no detectable Cu in
i t , and that the rejected Cu formed a peak at the metal/oxide interface. No
evidence of Cu diffusion outwards was detected at this stage. A typical SAM
prof i le of this oxide is shown in Figure 4.2.2.1. The thicker oxides have not
yet been examined.

The composition of the ternary intermetallics in Zircaloy-2 [Zr(Cr,Fe)2
and Zr2(Ni,Fe)] are not known with certainty (2-4), but 'buttons' of these
w i l l be melted, and similarly studied, when a good estimate of their composi-
tions is available.

(1) P.J. Shirvington, J . Nucl. Mat., 1970, 37, 177.
(2) K.F.J. Heinrich, U.S. Report, OP-906 (1W4).
(3) G. Ostberg, J . Nucl. Mat., 1962, 1_, 103.
(4) J.B. VanderSande and A.L. Bement, J . Nucl. Mat., 1974 115.

4.2.3 Protective Coatings for Zircaloy Fuel Sheaths

- N. Ramasubramanian

(a) Protection Against Stress Corrosion Rings cut from Zircaloy-4 fuel
sheath tubing were coated with copper by ( i ) electroless deposition from an acid
solution of copper sulfate and ammonium bif luoride, and ( i i ) sputtering. Films
% 2 urn in thickness were obtained by the electroless deposition but the adhesion
was poor. Adherent thin films 0.2 um thick were produced by the sputtering
techniaue. The rings were sp l i t and tested in the stressed and unstressed
conditions in 0.1% iodine in methanol along with uncoated samples. The copper
coated rings cracked, similar to the uncoated rings, within a few minutes; the
copper coating had been converted to copper iodide.

(b) Protection Against Modular Corrosion The results obtained from the
oxidation of coated (sputter deposited thin films of nichrome and stainless
steels) and uncoated Zircaloy fuel sheath samples at 773 K in 10.5 MPa steam
indicate that nodular corrosion is not completely eliminated by the coating but
is only delayed. Modules emerging underneath the coating become visible after
30 or more hours of oxidation although the weight gains unt i l then are orders of
magnitude less than for the uncoated samples. The effect of pre-oxidation to
form a I? to 3 urn thick black oxide is also similar to that of the coating.
Based on these results and the SEM observation that the intermetallics on the
surface are not the sites of nodule nucleation (PR-CMa-59 (AECL-7607), Section
4.2.2. ) , the following mechanism is proposed for nodular corrosion.
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Figure 4.2.2.1 SAM profi les of a ~ 25 nm oxide f i lm formed on ZrCu in 573 K air in 24 h. Sputtering rate
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During oxidation in steam, the sites at which the cathodic half of the
reaction, reduction of protons, could proceed are (i) intermetallics on the
surface, (ii) intermetaliics in the bulk of the oxide, and (iii) the base alloy
itself. The extent to which these three sites contribute is determined by the
temperature and pressure conditions and the oxide thickness. When the oxide
films are thin, & 100 nm thick, reduction could occur at all three sites. When
the oxide is as thick as the average size of the intermetallics, 1 to 2 vm,
contributions by the base alloy would be very much less compared to those by the
intermetallics. The locations on the oxide surface which correspond to the
presence of the intermetallics existing on the surface and directly underneath
in the bulk of the oxide would be areas of more negative potential than their
surroundings. Protons migrate to these sites and are reduced. The rate of
reduction increases with temperature and the surface conduction of protons via
adsorbed water molecules increases with increasing steam pressure. This combina-
tion of an increased rate of reduction and a high flux of protons at the
intermetallics in the bulk of the growing (1 to 2 urn) thick oxide leads to
stress generation by the hydrogen produced and cracking of the oxide; this in
turn becomes =\ nodule due to localized accelerated oxidation.

The presence of a conducting film on the surface leads to uniform
surface potentials; pre-oxidation to form a black oxide 2 to 3 ym thick also
results in near uniform surface potentials because the intermetallics in the
outer 1 to 2 um thick oxide have lost electrical contact with the base alloy.
Therefore, the nodular corrosion is delayed till the hydrogen generated at
intermetallics deeper inside the oxide is sufficient to crack the oxide film.

4.2.4 Oxidation of aZr

- R.A. Ploc and J.A. Roy

Long-term oxidation of zone refined and crystal-bar zirconium at 573 K
in dried oxygen has continued to 7700 h of exposure. Both materials are
apparently beginning to display an upward trend in the oxidation rate which
would be consistent with previous reports of breakaway oxidation (1). Oxidation
is continuing in order to check this result .

(1) Ploc, R.A., J . Nucl. Materials, 82 (1979) 411.

4.2.5 Oxidation of Low Alloyed Ir

- R.A. Ploc and J.A. Roy

Further to PR-CMa-59 (AECL-7607), section 4.2.3, oxidation has continued
to 86 days exposure. The nickel alloy is oxidizing most rapidly of the three
with the Fe and Cr alloys almost the same - see Figure 4.2.5.1.
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Figure 4.2.5.1 Relative oxidation kinetics for three zirconium alloys
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4.3 ELECTRON MICROSCOPY

4.3.1 Displacement Damage Cascades in Group IV B Metals

- O.T. Woo, G.J.C. Carpenter (CANMET, Ottawa, Ontario) and C D . Cann
(Materials Science Branch, WNRE)

Transmission electron microscope examination of room temperature
Bi2+-ion-irradiated a-Zr revealed small dislocation loops which are similar to
those observed in a-Ti irradiated under the same conditions. An annoying effect
in Ir foils, not frequently observed in a-Ti, was the immediate formation of
hydrides upon beam heating in the microscope. Hydride precipitation in thinned
zirconium has been a perennial problem for which there seems to be no reproduci-
ble cure.

Stereomicroscopy is currently being carried out to investigate the depth
distribution of these small loops. In addition, in-situ, hot-stage experiments
were used to see if all the small loops would anneal out simultaneously. Preli-
minary results showed that all the small loops annealed out, but larger 'loops'
or 'precipitates' (probably hydrides) formed in their places. Further work is
in progress on this phenomenon.

4.3.2 Sequential Crystal Lattice Images of Grain Growth in Amorphous Germanium

- J.R. Parsons and C.W. Hoelke

Crystallization from the melt almost always produces imperfect crystals
containing a substructure of dislocation lines. The origin of these dislocations
is of interest. In the present work, the process of solidification was simulated
by progressively crystallizing the same area of a 22.5 nm thick foil of amorphous
germanium with the electron beam. Lattice images were recorded several times
during the crystallization of each area.

Comparison of structural detail in these images was facilitated by the
optical reconstruction procedures described in PR-CMa-59 (AECL-76O7). An example
of dislocation generation during crystallization can be seen by comparing Figure
4.3.2.1a and Figure 4.3.2.1b. A non-crystalline area, circled in Figure 4.3.2.1a,
is seen after further annealing in Figure 4.3.2.1b to have crystallized with two
edge dislocations of opposite sign. This particular area from Figure 4.3.2.1b
has been enlarged in Figure 4.3.2.2 where the terminating planes at each
dislocation have been marked.
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Fiqure 4.3.2.2

The circled non-crystalline area in Figure 4.3.2.1a is seen after
additional grain growth in Figure 4.3.2.1b (enlarged in Figure 4.3.2.2)
to have crystallized with two edge dislocations of opposite sign.
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4.3.3 Oxidation of the aZr(lOfO)

- R.A. Ploc and J.A. Roy

As reported in PR-CMa-59 (AECL-76O7), Section 4.3.3, the computer
program DECIFR has been used to interpret SAD_patterns taken from oxide films
(< 300 nm thick) grown at 573 K on the aZr(lUlO). Further computer processing
was used to sift the data and a complicated but satisfactory series of SAD
indexing schemes was found. These schemes consisted of at least 36 different
aZr02 crystallite orientations as well as 16 cubic ZrOj orientations. In
very general terms, two basic types of oxide orientations were found - (1) those
with the (101)//(1010) and (2) 310 type directions parallel to the (1010) pole.
Work is continuing to investigate the possibility that features exist that
integrate the oxide orientations.

4.4 METAL PHYSICS

4.4.1 Ion-Simulation of In-Reactor Creep at 600 K

- J.R. Parsons and C.W. Hoelke

By wrapping the 10 cm long bean tube, described in PR-CMa-59 (AECL-7607),
with 10 alternate layers of aluminized Mylar and Dexter paper, the Cryomech
refrigerator in the Mass Separator was able to maintain the tube at < 70 K
during irradiation while the demountable furnace containing the specimen was at
600 K. In this way, the partial pressure of oxygen at the cantilever beam
specimen at 600 K was reduced to a calculated l/25th of its value outside the
beam tube.

All of the above was found necessary as in two previous attempts oxide
growth during irradiation eventually exceeded the 100 keV Ne ion range. This
made cantilever beam deflections a competition between expansion of Zr and
compaction of ZrO2« During a recently completed 600 K irradiation of Zircaloy-2
cantilever specimens, the 'superinsulated' beam tube was used and oxide growth
was reduced to a tolerable thickness of < 15 nm, estimated from interference
colours. Analysis of the deflection versus ion fluence curves is in progress.

4.4.2 Effect of Helium Ion Irradiation on Zirconium and Zr-2.5 wt% Nb

- R.H. Zee and J.F. Watters (with O.M. Westcott, Sol->'d State Science
Branch)

We have already irradiated zirconium and Zr-2.5 wt% Nb with 50 keV
helium ion at 70 K and 300 K (see PR-CMa-58 (AECL-7517) and PR-CMa-59 (AECL-
7607)). In order to understand better the thermal contribution to blistering,
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irradiations at higher temperatures are necessary.

A high temperature specimen holder was fabricated for this purpose, and
was tested in a vacuum bell jar. It was found that with the stainless steel
standoffs, the aluminum base remained below 320 K even when the sample holder
was heated to 800 K. However, there was a large current K 100 uA at 800 K)
leaking from the heater to the base block when the heater was powered directly
from a Variac. This current was due to the breakdown of the ceramic insulation
in the heater at high temperature. This problem was eliminated by powering the
heater through an isolation transformer.

Several irradiations at 570 K and 770 K have been performed on the Mass
Separator. The temperature fluctuation in both runs was +_ 20 K. Only those
specimens irradiated at 570 K to a dose of 1.5 x 10*8 particles/cm^ have been
examined thus far on the scanning electron microscope. As in previous runs, this
group of specimens includes pure zirconium and Zr-2.5 wt% Nb in both annealed
and 40% cold-worked conditions.

There was no vi. ible damage on both pure zirconium specimens whereas
exfoliated blisters were found on both Zr-Mb specimens. In these Zr-Nb speci-
mens, the damage was so extensive that a layer of material, ̂  0.3 urn thick, had
almost completely peeled off.

Results from irradiations at lower temperatures show that pure zirconium
suffers extensive blister damage at comparable doses. The absence of such damage
at 570 K is probably a result of increased helium mobility. The helium atoms
diffuse out of the material as fast as they are being implanted at this high
temperature. The presence of niobium atoms in the Zr-Nb alloy may reduce the helium
mobility, and thus prevent the helium atoms from escaping.

4.4.3 Preparation of High Purity Zirconium by Electrotransport

- R.H. Zee and J.F. Watters

Preliminary experiments, performed through the courtesy of the Ames
Laboratory in Iowa, have shown that electrotransport is the most promising
technique for preparing ultra-high purity zirconium. In these experiments, a
fourfold resistivity ratio increase has been observed after a typical run. A
system similar to that at Ames is now being built here at CRNL.

Purification of zirconium (and other active materials) can be achieved
by heating the specimen electrically (to ^ 1900 K) in an ultra-high vacuum
environment (̂  10~9 to 10~8 Pa) in which the D.C. current serves to segregate
impurities to the specimen ends.

The electrotransport apparatus can be d'vided into two main components:
the ultra-high vacuum system and the temperature controlling and monitoring
system.
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The vacuum system consists of a 400 L/s tn'ode ion pump (Perkin-
Elmer 207-0420, 222-0630) and a stainless steel working chamber separated by a
15 cm all-metal valve (Huntington MV-600). A tn'ode type pump was chosen over a
diode type to allow for the possibility of doping the specimen with inert gases
in the future. The 15 cm valve is necessary to prolong the lifetime and
cleanliness of the ion pump by maintaining a vacuum in the pump body even during
specimen changeovers.

The roughing system is completely clean and oil-free. It consists of a
venturi pump Parian 952-5095) for initial pumpdown and two sorption pumps
(Perkin-Elmer 236-1510) in parallel for immediate pumping. This roughing system
is connected to the main UHV chamber through a 3.8 cm all metal-right angle
valve {VG 38).

The pressure in the roughing system is monitored by a thermocouple gauge
(Datacomp TGC 103 and 7822) and that in the UHV system by an ionization gauge
(VG IPG3A and VIG10A) and a quadrupole mass analyzer (VG-QX200). The ionization
gauge can give the total pressure of the system directly, but at very low
pressure (̂  10"° Pa), this reading may be quite unreliable. At this point, the
mass analyzer is used to give both the total pressure and the partial pressures
of the residual gases (with absolute masses up to 200) in the system. This
latter option is invaluable in determining the possible contaminants introduced
into the specimen during the operation.

The temperature of the specimen during the experiment is controlled by
manually adjusting the D.C. current supplied by a 500 Ampere-20 Volt power
supply (Electronic Measurement SCR-20-500). This current passes into and out of
the specimen through two high vacuum,high current feedthroughs (Datacomp
FHC-600). The temperature of the specimen is monitored by sighting an optical
pyrometer (LN-8632C) through a glass viewing port.

The vacuum system is now assembled. After a one month pumpdown (with a
five-day bake-out at 150°C), the pressure in the chamber area has dropped to
^ 8 x 10"8 Pa. A titanium sublimation pump (TSPMVarian 916-0009, 922-0043)
is now being ordered. With the addition of this TSP, the pumpdown time can
easily be cut in half. The high pumping speed of this unit also allows a higher
bake-out temperature resulting in a better final vacuum..

4.4.4 Mechanical Testing

(a) MTS Alpha System

- J.F. Mecke, F. Santone and S.R. MacEwen

Repairs to the stroke conditioner boards and a new DC power supply have
made the MTS system once again operable. Experiments to measure the residual
stress in Zircaloy-2 are continuing in conjunction with S.R. MacEwen at
Argonne.
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A new filter built and designed by MTS has been installed on the MTS.
Preliminary results indicate the noise levels on the load channel have been
reduced to acceptable levels.

Software is being developed for the new 9872 graphics plotter which will
allow the operator to define graph limits and scale the plotting area for
different media sizes.

(b) Bauschinger Effect in Zirconium and Zircaioy-2

- O.T. Woo, F. Santone and J.F. Mecke

In the continuation of the work as described in the last progress report
(PR-CMa-59 (AECL-76O7)), the work-hardening behaviour of Zircaloy-2 under a
reversed stress is being analyzed. This is being done by evaluating the work-
hardening rates, 6 = da/de and 6p = da/den as functions of a, for both the
tension h cycle and the compressive h cycle. Bauschinger tests in Zr are also
being carried out.

4.4.5 Positron Annihilation Spectroscopy (PAS): Doppler Broadening

- G.M. Hood and R.J. Schultz

A consensus is finally developing in the field with regard to nomencla-
ture for Doppler-broadening annihilation parameters. Thus, the peak parameter
- referred to in our former progress reports as 'L' - is now generally labelled
'S' and, in spite of legitimate objections to that designation (see,e.g.,ref.6),
we have decided to adopt that 'label'. In this work and henceforth, we will
refer to the peak parameter as 'S1. The accordance of the Tetter W to the wing
parameter now has general acceptance - therefore we will continue to preserve
that notation.

(A) Zirconium-Hydrogen System

(1) The Response of Positrons to Hydrogen in Zr

In PR--CMa-59 (AECL-7od7), it was shown that the response of positron
annihilation parameters to effects of hydrogen in Zr depended strongly on heat
treatment. In particular, it has been demonstrated that there is a smooth
relationship between the L parameter and the hydrogen content of the samples for
samples which have been quenched from above the solvus. This work has been
written up (1). It has been proposed (1) that the effect of hydrogen additions
to Zr (and Ti) stems from interactions of positrons with the precipitated
hydrides of Zr - per se - and/or the misfit dislocations generated in the Zr
matrix by the stress associated with the more open (than the a-Zr lattice)
hydride precipitates. A programme to test these hypotheses is currently
underway, the main emphases will be on the effects of annealing treatments
(following quenching) on positron annihilation in hydrided specimens, and the
determination of positron annihilation characteristics for hydrogen-saturated
Zr (nominally pure Zr hydride).
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Results have been obtained for two types of annealing treatment. One
was isochronal annealing, where the sample - following annealing - is at 295 K
during measurements; the other was a continuous annealing treatment where data
were recorded in a continuous fashion as the sample temperature was raised at a
rate of 5 K per hour.

(i) Isochronal Annealing

In this experiment, Zr-2 at% H samples were quenched from 770 K into
water at 273 K - see PR-CMa-58 and -59 (AECL-7517,-7607). This treatment caused
an increase of 4.1% in the S parameter above the value for fully-annealed,
hydrogen-free samples.

The quenched samples were then annealed for 20 min at each of successively
higher temperatures where the temperature increments were 20 K. The samples, in
an open-ended glass test tube. ..<.- removed from the furnace at the end of each
anneal and allowed to cool, in air, to 295 K. The samples were then removed from
the test tube and their positron annihilation characteristics measured using the
conventional " G e positron sandwich-source arrangement. The results - in terms
of the S parameter versus temperature - are shown in Figure 4.4.5.1.

The broken line through the data suggests the general trend of the
annealing treatment. The extent of the scatter of the data - particularly near
the lower and upper temperature limits of the experiment - suggests a signifi-
cant degree of irreproducibility of the defect structure of the samples on
thermal cycling. This phenomenon has been noted in previous investigations of
the temperature dependence of positron annihilation in Zr (2,3).

In the present experiment, it seems reasonable to attribute the observed
recovery of S to coarsening of the hydrides - presumably facilitated by the
extent of their dissolution at a given annealing temperature. The amount of
recovery which has taken place near the nominal solvus is about 50% of the
original, as-quenched defect signal. The remaining defect signal is probably
characteristic for the size/density distribution of hydrides produced by the
sample cooling procedure following the annealing treatments. The near-coincidence
of the maximum in the temperature recovery curve with the nominal solvus (4) for
the samples suggests that such isochronal annealing treatments may be useful as
a means of assessing the hydrogen content of zirconium samples.

(ii) Continuous Annealing

In this experiment, two samples of Zr-1 at% H and a 68Ge source
in Hi foil, prepared for exposure to intermediate temperatures K 800 K), were
assembled in a sandwich configuration inside a close-fitting Ta cup and the
whole assembly lowered into a quartz tube which was subsequently sealed off
under vacuum. The quartz tube was then placed' in a specially designed furnace
- made to allow close proximity between the detector and the sample - which was
then set in position about 6.5 cm from the Ge(Li) detector face. The temperature
control was such that the sample rose at a steady rate of 5 K per hour. This
procedure, along with hourly data accumulation, yielded a high density of data
of good statistical precision, while monotonic heating avoided the excessive



- 83 -

GO

<

GO

<

GO
1.00 —

300

Figure 4.4.5.1

500 700
T ( K )
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data scatter associated with thermal cycling of the samples - particularly
evident for T < 700 K {see Section 2a(i)).

The results of this experiment are shown in Figure 4.4.5.2 where it is
seen that, almost without exception, the S data vary smoothly, within expected
statistical uncertainty limits, as a function of temperature. The cooling data
were taken following furnace cooling by intervals of approximately 100 K. Items
of particular interest here are (1) that the high temperature break in the
essentially linear range of recovery of S with temperature 400-600 K, coincides,
within experimental uncertainty, with the nominal solvus for Zr-1 ati H
and (2) that there is a dramatic hysteresis in the cooling versus heating data.

The results indicate that recovery of the quenched-in defect structure
begins at ^ 350 K and continues past the nominal solvus (T$ = 600 K): however,
the temperature sensitivity of recovery falls off very rapidly at T5. This
behaviour seems tobe consistent with some significant fraction of the recovery
process being associated with hydride dissolution, per se, while recovery beyond
T$ may be indicative of further annealing of the residual dislocation
substructure. The much diminished defect signal found on slow cooling (open
squares - Figure 4.4.5.2) is entirely consistent with previous findings - see
PR-CMa-58 and -59 (AECL-7517,-7607) and reference (1). It is probably to be
associated with an increase in the size of the hydrides and a concomitant
decrease in the density of their distribution. It is believed that the tempera-
ture response of the cooling curve is a consequence of effects of thermal
expansion and a temperature sensitivity of positron trapping into relatively
shallow residual trapping defects. The former effect could account for the
positive temperature dependence of S, observed from 500-700 K, while the latter
effect may account for the negative slope of S versus T apparent from 300 to
500 K. Effects of both kinds are commonly encountered in positron annihilation
spectroscopy studies of metals. An analytical model to describe these results
is currently under consideration.

(2) Effects of the State of the Zirconium Starting Materials on the
Response of Positron Annihilation to Hydrogen Effects in Zr

- in conjunction with C.E. Coleman and J. Bryson (Metallurgical
Engineering Branch)

Pursuant to results reported in PR-CMa-59 (AECL-7607), Section 4.4.6.A.I,
measurements have been made on crystal bar Zr which has been hydrided in both
'as-received' and well-annealed conditions. The results are given in Table
4.4.5.1.



- 85 -

1

—

—

- O F

i

b
CVJ

c

/

r
\

i

i

in

•- . <

A

/
D

9 °
1

1

1

D

I

oo

oo
CO

oo

o
o

oo
ro

oo
o

( SlINfi
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TABLE 4.4.5.1 EFFECT OF HYDROGEN CONTENT ON S

H Content

nominally
0.5
1.0
1.5

nominally
0.5
1.0
2.0

(at*)

zero

zero

(homogenized)

+2.0
+2.13
+2.30
+2.40

-0.2
+0.34
+0.07
+0.40

(quenched)

+2.76
+2.18
+3.65
+4.20

+2.85
+3.18
+4.26

Sample

1
2
3
4

5
6
7

These results are referred to a value of S for fully-annealed, high-
purity Marz grade zirconium. Samples 1-4 were hydrided in the as-received
condition and samples 5-8 were well-annealed prior to hydriding. The results
show that

(1) I t is apparent that the homogenizing treatment afforded samples 1-4 has
been insuff ic ient to remove the cold-work damage in these specimens.

(2) In samples 1 and 2, the effect of hydrogen additions on S has been
effect ively masked by the effect of residual cold-work.

(3) The defect signals generated by the quenching of specimens 3-8 are
essentially consistent with earlier data which yielded a smooth correla-
t ion between AS and the hydrogen content of quenched samples - see, e.g.,
reference 1.

I t is apparent, at this stage, that PAS is a i.jn-destructive and potentially
powerful tool for the quantitative determination of the hydrogen content of Zr,
and that PAS has potential as a means of assessing the behaviour of hydrogen in
Zr (e.g., in the study of hydride coarsening).

(B) Vacancy Migration and Recovery of Electron-Irradiated g-Zr and a-Ti

Further to the results reported in PR-CMa-59 (AECL-7607), we have
examined the effect of the positron energy on the strength of the defect signals
from electron-irradiated a-Zr and a-Ti and done an isochronal annealing study of
the recovery of electron irradiated a-Zr. The results of these measurements are
shown in Table 4.4.5.2 and in Figure 4.4.5.3.
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TABLE 4.4.5.2 DOPPLER BROADENING DATA FOR ELECTRON IRRADIATION OF a-Zr AND a-Ti
AS MEASURED WITH 22Na AND 68 G e POSITRON SOURCES

Sample Source AS(%) AW{%)

a-Zr
a-Zr
a-Ti
a-Ti

%
22J*6 8 G e

+4
+1
+4
+0

.86

.80

.24

.84

- 8 .
- 1 .
- 5 .
-0 .

0
9
7
64

In Figure 4.4.5.3, the present S and W parameter data for the isochronal
annealing of electron irradiated a-Zr are compared with positron lifetime data
obtained under similar annealing conditions on a similar Zr sample. These latter
measurements were made in cooperation with Eldrup and Pedersen at Risj6 (5).

In general, there is reasonably good correspondence between the present
Doppler-broadening data and the previous lifetime measurements. The results
suggest that appreciable vacancy migration in a-Zr does not occur below 400 K.
This work, which is a precursor to further studies of effects of irradiation
temperature and hydrogen doping on vacancy motion in electron irradiated a-Zr,
is currently being written up.
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